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Abstract






Progress in the burgeoning field of organic electronics is enabling the

development of novel technologies such as low-cost, printable solar cells and flexible,
high-resolution displays. One exciting avenue of research in this field is nanostructured
hybrid organics such as quantum dot (QD)-polymer devices. The incorporation of QDs
can greatly improve a device’s efficiency and gives one the ability to tune its electrical
and optical characteristics. In order for such technologies to be commercially viable, it is
important to classify their mechanical integrity and reliability.
Surprisingly little is known about the mechanical properties of QD-polymer thin
films (<100 nm). This is in part due to challenges of: (1) isolating the mechanical
response of a thin film from the underlying substrate, (2) obtaining a homogeneous
dispersion of QDs in the film, and (3) the sensitivity of mechanical properties to the
inherent rate dependence of polymer deformation (i.e., viscoelasticity). All of these
challenges can introduce significant errors in the measurement of mechanical properties.
Furthermore, the deformation mechanisms in nanocomposites are not well understood, so
it is difficult to predict the effect of adding QDs on the mechanical behavior of films.

x

In this thesis, these challenges are addressed for characterizing the mechanical
properties

of

thin

films

of

CdSe

QD-poly[2-methoxy-5-2(2-ethylhexyloxy-p-

phenylenevinylene)] (MEH-PPV) nanocomposites using quasi-static nanoindentation
testing. Elastic modulus, hardness, and creep are measured as a function of QD
concentration and loading and unloading rates. The QDs' ligands are removed by pyridine
treatment prior to mixing with MEH-PPV to improve dispersion. The films are prepared
via spin-coating onto glass substrates and subsequent annealing in air. Efforts are taken in
the mechanical testing to minimize errors due to viscoelastic creep and interference from
the substrate.
Transmission electron microscopy reveals that the QDs are relatively welldispersed in the polymer matrix. It is observed that adding QDs increases the elastic
modulus (E) and hardness (H) of the films, while reducing the viscoelastic creep. Both E
and H increase linearly with the volume percent of QDs. E ranges from 14.5 GPa to 52.7
GPa for pure MEH-PPV (0% QDs) and 100% QD films, respectively, while H ranges
from 220 MPa to 1430 MPa for the same films, respectively. The films behave
viscoelastically at lower QD loading, but assume a more granular character as the loading
approaches 100%.

xi

CHAPTER 1

1. Introduction

1.1 Motivation
Organic electronics such as organic light emitting diodes (OLEDs) and organic
photovoltaics (OPV) have received a tremendous amount of attention in the research
community in the last two decades (So 2008). This is due to their versatility in device
applications, useful electrical and optical properties, ease of processing, ease of doping
with inorganic materials, and their potential for lowering cost and power requirements.
Applications of organic electronics range from simple OLEDs to large-screen
displays (Sheats 1996), flexible, wearable solar cells for clothing (Schubert 2006),
molecular transistors (Klein 1997), and complex molecular electronic circuits (Green
2007). Films for organic electronic devices may be made by spin coating (Burroughes
1990), chemical bath (solution) deposition (Gao 1998), spray coating (Vak 2007), and
even inkjet printing (Hebner 1998), among other methods. Furthermore, the composition
of these devices may be tailored in order to tune their performance for a specific
1

application. For example, the conjugated polymer poly(p-phenylenevinylene) (PPV) has
made its way into devices in various forms, including unmodified PPV (Burroughes
1990),

poly[2-methoxy-5-2(2-ethylhexyloxy-p-phenylenevinylene)]

(MEH-PPV)

(Greenham 1996), and poly[2-methyl,5-(3*,7** dimethyloctyloxy-p-phenylenevinylene)]
(MDMO-PPV) (Shaheen 2001), and with different molecular weights (which depends on
the polymer chain size). Finally, the possibilities of organic electronics can be greatly
expanded upon with the incorporation of nanocrystals (e.g. quantum dots (Colvin 1994),
nanowires/nanorods (Huynh 2003), tetrapods (Manna 2003), etc.), nanotubes (Ago 1999),
and fullerenes (Sariciftci et al 1992), which can act to enhance the conduction, emission,
and/or absorption of the polymer host. In addition to the extensive variety of materials
and types of nanostructures that can be used in hybrid devices, many of them exhibit sizeand shape-dependent properties, enabling a researcher to tune the band gap (and thereby,
emission or absorption spectrum) of a device. These collective choices can be treated as
a toolbox from which an engineer may selectively choose a combination of tools (i.e.,
processing method, polymer, and nanostructure type, material, and size) to design an
organic device for a specific application.
Although extensive research has been conducted on the electrical and optical
properties of organic electronic devices, there has been comparatively little research on
the mechanical properties of devices, especially for nanocomposite devices. This can be
attributed to the fact that this relatively new field is still largely in the research phase.
However, as these devices become increasingly more commercialized in the near future,
there will be an increasing demand for information on the mechanical integrity of the
2

devices. The first step to achieve this is characterizing the mechanical properties of the
nanocomposite materials themselves.
Depth-sensing indentation (nanoindentation) testing has been extensively used to
characterize the mechanical properties of thin films over the last two to three decades
(Nix 1989, Oliver 1992, VanLandingham 2003, Oliver 2004). In fact, much of the
original motivation for developing nanoindentation techniques derives from the need to
understand the deformation mechanisms and mechanical integrity of thin films used in
integrated circuit technology (Nix 1989). This was largely due to an increased demand
for classifying and improving the reliability of devices used in the semiconductor
industry.

As nanocomposite electronic devices are expected to become more

commercialized over the coming years, it is pertinent to classify their mechanical
integrity for the same reasons.
There are also more fundamental reasons to investigate the mechanical properties
of nanocomposite quantum dot-polymer films, from a materials science perspective. The
deformation mechanisms are not quite understood for these material systems. It is not
exactly known how the composition of nanocrystals affects the strength of the films – for
example, at which concentrations the polymer’s properties are dominant and when the
quantum dots begin to have a significant effect. Furthermore, the mechanical properties
of quantum dots in general are not well known, nor is the relationship between the
strength of the quantum dots and that of the film in which they are embedded. In this
thesis, we hope to gain some insight into the mechanical behavior of nanocomposites
used for organic electronics based on their microstructures and loading of quantum dots.
3

This will in turn lead to the ability to predict the life time and reliability of commercial
devices and serve as a basis for minimizing potential damage.

1.2 Objective Statement
The objective of this research is to determine the hardness, Young’s modulus
(elastic modulus), and viscoelastic response for films of CdSe quantum dots (QDs)
dispersed in a MEH-PPV polymer matrix using nanoindentation, as a function of
concentration of QDs and indent loading and unloading rates.

1.3 Approach
The mechanical characterization is to be performed via nanoindentation. The
choice of materials and film preparation procedures are intended to closely mimic those
of similar films whose electrical, optical, and morphological characteristics have been
well-established by other research groups. There is expected to be an influence of the
underlying substrate on the film response during indentation testing; therefore, care is
taken to minimize the substrate effect and to account for it during post-processing.
It is expected that due to large differences in elastic modulus for the QD and
polymer materials, the energy transferred to the film during nanoindentation will
primarily be absorbed by the polymer, not the QDs, and thus the QDs will not be
significantly deformed. It will therefore be challenging to deduct any useful information
4

on the mechanical properties of the QDs themselves. Nevertheless, the loading of QDs in
the polymer matrix may affect the mechanical properties of the film for different reasons.
For example, the bonding at QD-polymer interfaces may create internal stresses in the
film, which could act to impede deformation. When the film is annealed, the difference
in the coefficient of thermal expansion (CTE) between the two dissimilar materials may
further induce residual stresses in the material. On the other hand, the incorporation of
QDs may decrease the van der Waals interactions between neighboring polymer chains,
which could make the film more susceptible to plastic deformation by allowing polymer
chains to reorganize under less stress.
It is expected that there is a critical concentration of QDs, above which interchain
bonding is no longer sufficient to sustain the integrity of the film, resulting in film
behavior that is less like that of a polymer and more like that of a granular material. This
may be observed by a decrease in viscoelastic creep, which is a signature of a polymeric
material.

1.4 Organization of Chapters
This thesis is intended for an audience of researchers in both mechanical
engineering and nanoscience/nanotechnology. The inherently interdisciplinary topics
that are of relevance in this thesis require at least a brief introduction to each topic. Thus
in addition to presenting an overview of relevant studies in the Literature Review
(Chapter 2), an introduction to certain physics principles is also given. First, the topic of
organic electronics is reviewed, focusing on hybrid polymer-nanocrystal devices.
5

Rationale is given for why it is important to understand not just the electrical properties
of such films, but also the mechanical properties. This is followed by an introduction to
nanoindentation, along with recent studies on the mechanical properties of polymers,
nanocomposite films, and QDs. Of specific interest is the ability to interpret meaningful
information from the nanoindentation data, which is discussed thereafter.
In Chapter 3, the experimental procedures are presented. These include: the
preparation of test specimens; the nanoindentation procedures; and the procedures for
characterizing the films. The results of the experiments are presented in Chapter 4 and
discussed in detail in Chapter 5. Also in this chapter, efforts are taken to remove errors in
the measurements using models from the literature. The elastic modulus and hardness are
then reported and some concluding remarks are given in Chapter 5.

6

CHAPTER 2

2. Literature Review and Background

2.1 Composite Nanocrystal-Polymer Organic Electronic Devices
Although electroluminescent polymers such as PPV have their own light-emitting
capabilities, the incorporation of nanocrystals (e.g., QDs) in these polymer devices
provides a multitude of new possibilities. Not only can the efficiencies of the LEDs be
enhanced with their addition, but the band gaps of the nanocrystals themselves can be
tuned, allowing a researcher to optimize device characteristics and adjust the color of the
emitted light. Hybrid nanocrystal-polymer LEDs were first realized by Colvin et al. in
1994, when they made an LED using a sandwich structure consisting of a film of PPV on
top of a film of CdSe QDs (Colvin 1994). They reported two different voltage regimes
corresponding to light emission from the two different films (i.e., the QD film at lower
voltages, and the polymer film at higher voltages); since each film corresponds to a
different wavelength (color), this further implies that the emission spectrum is tunable by
varying the input voltage, not just the nanocrystal dimensions.
7

In 1995, Dabbousi et al. reported making LEDs with CdSe nanocrystals blended
with two conductive polymers (Dabbousi 1995).

The results were similar to the

aforementioned devices, which consisted of separate layers of polymer and nanocrystals,
in that the emission colors were tunable by varying the size of the nanocrystals. Since
these papers were published, intensive research has been conducted on the electrical,
optical, and morphological characterization of these types of structures and on new types
of hybrid nanocrystal-polymer devices. There has also been a noticeable shift from
layered to blended nanocomposite devices, i.e., nanocrystals in a polymer matrix, because
of the advantages in the charge separation and transport for blended devices; these topics
are discussed in detail in the next section.

2.2 Charge Separation and Transport in QD-Polymer Films
Greenham, Alivisatos, and their colleagues have thoroughly studied the transport
of charge carriers in blended QD-polymer devices (Greenham 1996; Greenham 1997;
Ginger 1999). Two important findings related to device efficiency come from these
studies: efficiencies are enhanced (1) when ligands are removed from the QDs and (2)
when QDs are blended with the polymer, compared to previous results of layered
(sandwich) structures.

These are due to charge separation and charge transport,

respectively.
Charge separation refers to the dissociation of an electron-hole pair (exciton). It
is important for photovoltaic devices, in which excitons are produced via the
8

photoelectric effect, that their electrons and holes are effectively transported to electrodes
to produce a current. Evidence of charge separation also provides insight into the ability
of charge carriers to cross the nanocrystal-polymer interface in hybrid devices. When an
exciton is produced, it may decay radiatively – recombination that results in the creation
of a photon – or nonradiatively, by traveling to an electrode, for example. For the hybrid
QD-polymer devices of interest, radiative recombination is a result of poor charge
separation. In order to quantify this, Greenham et al. studied the charge separation in
blends of MEH-PPV and CdS or CdSe QDs by measuring the quenching of
photoluminescence (PL), corresponding to the suppression of radiative recombination
(Greenham 1996). Their results indicate that the presence of an insulating surface ligand
on QDs greatly inhibits charge separation, because the electron-hole pair gets trapped in
the QD core, leading to radiative recombination. The removal of the surface ligand by
treatment with pyridine changes the outcome by allowing excitons to dissociate at the
QD-polymer interface, with holes transferred to the polymer and electrons left attached to
the nanocrystal. It is important to note that photoluminescence is still possible in the
reverse scenario, when acting as a light-emitting – rather than a photovoltaic – device.
Charge transport refers to charge carriers’ (i.e., electrons’ and holes’) ability to
travel within the device. Charge transport is found to be improved for the same types of
nanocomposite devices when QDs are well-dispersed and of sufficient concentration
(Greenham 1996). This is explained by focusing on the transport mechanisms for the
charge carriers, namely, that the MEH-PPV polymer primarily transports holes and the

9

QDs transport electrons. The latter transport mechanisms involve hopping (Greenham
1996) or tunneling (McDonald 2005) of electrons from neighboring QDs. Therefore, in
(a)

(b)

Figure 1. Charge separation and transport in QD-polymer films with and without
ligands. In (a), ligands around the QD core act as insulators, impeding transport of
charge carriers and encouraging recombination of the exciton. In the absence of ligands
(b), there is a better chance for charge separation because the hole can travel directly to
the polymer. Electrons may also tunnel or hop to a neighboring QD.
order to improve electron transport, a network of QDs is necessary to carry electrons to
the electrode (or vice versa for LEDs); this requires a sufficiently high concentration and
excellent dispersion of QDs. However, there must also be paths for hole transport, thus
the QD concentration should be low enough so as not to break-up the polymer matrix to
inhibit hole transport.
10

The above points are relevant because it is important to create films that are
representative of those used in actual organic electronic devices. These key findings
serve as a basis for the choice of materials, processing methods, and concentrations used
for the experiments in this thesis.

2.3 Electrical Confinement in QDs
As QDs are one of the central themes of this research, it is critical to have an
understanding of what makes them unique. A QD is a semiconductor nanostructure
which exhibits unique properties due to quantum confinement in all physical dimensions.
It is analogous to the quantum mechanical scenario of a particle in a 3D box, in which a
particle (exciton) is trapped within a confined three-dimensional space by a large
potential barrier.

The electrical confinement for a QD is similar, although its

confinement is due to the passivation of its semiconductor core by an insulating layer,
such as an organic material; thus an electron in the conduction band is trapped within the
QD. As a QD’s dimensions shrink to the order of the exciton Bohr radius (i.e., the
distance between an electron and its hole in a bulk crystal), the exciton is confined to a
smaller space and becomes more energetic.
This can be related to the Heisenberg Uncertainty Principle, which dictates that
the uncertainty in position is inversely proportional to the uncertainty in momentum:
,

11

Equation 1

where x is position, p is momentum, and

is Planck’s constant divided by 2. For

excitons in a bulk crystal, the uncertainty in the position is large, whereas its momentum
(energy) is well-defined. In contrast, an exciton in a QD has much less uncertainty in its
position, and thus its momentum has a larger range or uncertainty (Alivisatos 1996). This
results in an increase in the QD’s band gap compared to its bulk counterpart.
The increased band gap corresponds to a blue shift in the photoluminescence
spectrum, resulting in a dependence of a QD’s color on its size. This dependence is
especially strong when a QD’s dimensions shrink below its exciton Bohr radius. An
example of the size-dependence of QDs on the wavelength of its absorption and emission
of light is shown in Figure 2.2 for CdTe. The lower wavelengths (higher energies)
correspond to smaller QDs. This size- and wavelength-tunability of QDs creates a great
number of possibilities for designing unique optoelectronic devices.

Q

Figure 2. Normalized absorption (bottom) and emission (top) spectra of spherical CdTe
QDs from (Kudera 2007). Smaller QD sizes produce spectra with smaller wavelengths.
Reprinted with permission from Elsevier.
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2.4 Mechanical Properties of QDs
The quantization of electrical states in semiconductor nanocrystals and the
associated technological possibilities thereof provide motivation for much of the research
in nanotechnology today (see, for example: Bawendi 1990; Alivisatos 1996; Markovich
1999). A subject that has received less attention is the mechanical behavior of QDs and
other nanocrystals, largely due to the difficulty in probing these properties on such a
small scale.

However, there is reason to believe that QDs may have enhanced

mechanical properties compared to their bulk counterparts, and several studies have been
published in recent years which indicate vastly different mechanical behavior of materials
with nanoscale dimensions from that of bulk materials.
In 2003, Gerberich et al. discovered “superhard” properties of silicon nanospheres
ranging from 40-100 nm in diameter, measured with a blunt nanoindenter tip (Gerberich
2003). They reported increasing hardness values with decreasing nanoparticle size, with
the highest values being four times that of bulk Si. These nanoparticles also experienced
reverse plastic deformation, or recovery of a significant proportion of their initial
dimensions after (not during) unloading (Gerberich 2003; Gerberich 2005-2). In 2006,
Zou and Yang reported a decreased hardness for amorphous silica nanoparticles, with
hardness values less than one-third that of bulk silica and an elastic modulus comparable
to that of the bulk material (Zou 2006). They also noticed reverse plastic effects and an
increasing hardness as the particle size decreased. The decreased hardness (compared to
bulk silica) is hypothesized to be caused by near-surface phenomena such as the
absorption of water molecules, not because of unique deformation mechanisms at this
13

scale. However, an increased hardness for nanoparticles is theorized to be due largely to
the plastic region beneath the indenter tip being confined to a very small volume, in
which dislocation structures are trapped, resulting in strain-hardening due to an increased
dislocation density (Gerberich 2005-1; Gerberich 2006). There are still many questions
remaining to be answered about how nanostructures deform compared to bulk materials.
Furthermore, there are no experimental standards for characterizing the mechanical
properties of these structures.
Several studies have been conducted to test the mechanical properties of carbon
nanotubes and other one-dimensional nanostructures. Carbon nanotubes are reported to
be remarkably strong and have a high elastic modulus of roughly 1 TPa (Salvatet 1999).
There is a gap in the research regarding mechanical testing of individual nanocrystals on
the order of 10 nm or less, including QDs. However, the above findings along with
predictions based on thermodynamics should motivate research in this field.
Thermodynamically, nanocrystals are less stable than larger particles due to their
relatively high ratios of surface to core atoms. This is because surface particles are more
energetic than core particles due to incomplete bonding (Cao 2004). Figure 3 shows the
calculated ratio of surface molecules to core molecules for CdSe spheres as a function of
diameter. (The molecular density is calculated by assuming a constant density of 5.664
g/cm3, corresponding to zinc-blend CdSe (Adachi 2004).)
The Gibbs free energy of particle formation depends on the energy contributions
from both the surface and the core:

14

,

Equation 2

where Wtot is the total work done in forming the particle, Ws and Wcore are the
contributions from the surface and bulk (core), respectively, s is surface tension, 4r2 is
the surface area of a sphere, n is the number of atoms in the core, and  is the change in
chemical potential from the atoms’ previous state (El-Shall 2007). Since the second term
on the right-hand side of Equation 2 is either negative or small compared to the first term,
the result is that particles with high ratios of surface to core atoms will have a high free
energy per atom.
The higher energy of surface atoms results in a contraction of near-surface atoms,
which comprise a significant proportion of the total atoms in nanoparticles (Goldstein
1992), including CdSe QDs (Zhang 2002). This localized lattice contraction affects the
particle’s structure, on which its mechanical properties are dependent. Perhaps more
importantly, however, the smaller interatomic distances may also introduce increased
internal stresses in nanoparticles, which would have the effect of increasing the hardness
(Vepek 1997).

15

100% surface atoms

Figure 3. Fraction of CdSe on the surface as a function of particle size. As the particle
size approaches the nano regime (< 100nm), the fraction of surface atoms becomes
significant, and the contribution of surface energy is increasingly important. Eventually,
all atoms in the particle will be on the surface.
When considering the same argument for a QD – composed of both a semiconducting core and an insulating shell (passivation layer) – one should realize that the
surface energy of the core is reduced when binding to the passivation layer (Vepek
1997). This could effectively negate or otherwise reduce the bond length contraction,
with the particle now in a lower-energy state. In this research, the QDs’ passivation
layers are removed via chemical treatment, but they are once again passivated by the
16

polymer in which they are dispersed. To the author’s knowledge, the degree of bond
length contraction in this type of system is unknown. In any case, a change in the
mechanical behavior or an increased surface energy for QDs compared to the bulk
material may have a significant impact on the properties of a QD-polymer composite.

2.5 Mechanical Properties of Polymer Nanocomposites
Composite materials are widely used for various industrial purposes because of
their enhanced properties, such as toughness, ductility, elastic modulus, strength, thermal
conductivity, etc. The composite properties depend not only on the properties of the
constituent materials but also on the physical characteristics of the filler material. For
example, Moloney et al. found that the mechanical properties of epoxy resins filled with
microscopic particulates depend strongly on the volume fraction of the filler, the shape
(aspect ratio) and size of the filler, the mechanical properties of the filler and resin, and
the filler-resin adhesion (Moloney 1987).
Composites with nanoscale fillers have been used since the 1980s and – after the
invention of polymer-clay nanocomposites (PCNs) in 1985 at Toyota – they have been
extensively researched in industry and academia and used in the automotive, electric, and
food industries (Okada 2006). Even at low concentrations of nanoparticles (NPs), the
mechanical properties of nanocomposites can be greatly enhanced, which is expected to
be from the large interaction between the NPs and polymer, due to a high interfacial
surface area. For example, less than 5 weight percent (wt%) of clay in Nylon-6-clay
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nanocomposites results in superior strength, modulus, and thermal properties compared to
Nylon-6 with no clay (Kojima 1993). More recently, the same type of composites have
been studied by nanoindentation tests, which revealed that the E and H are not only much
higher compared to clean Nylon-6 but increase as a function of clay loading up to at least
10 wt%. (Shen 2005). Similar conclusions have been drawn for nanoindentation tests on
single-wall carbon nanotubes composites, (Penamuda 2003).
Despite the extensive use of nanocomposites in recent years, there is no standard,
comprehensive model which effectively predicts the mechanical behavior of a
nanocomposite material containing spherical nanoparticles. The rule of mixtures, for
example, is an established method used to calculate the modulus of composite materials,
but it does not apply for spherical particles in general. According to this model, the
composite modulus is a function of the moduli and volume fractions of the materials in
the composite (Shackelford 2005, p. 526):
,

Equation 3

where the E’s are the elastic moduli, the v’s are the volume fractions, A and B denote the
materials in the composite, and the exponent n depends on the filler type and orientation
with respect to the applied load. For the idealized case of parallel fibers as the filler with
a load applied in the direction normal to the rods, n = –1 ; for the same composite with
the load applied parallel to the direction of the rods, n = +1. For the case of spherical
filler particles homogeneously distributed in a composite, the exponent n is zero,
regardless of the direction of the applied load (Shackelford 2005). However, this leads to
the trivial solution of

. Another major drawback of this model is that it
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does not account for the interfacial regions (i.e., where the filler particles contact the host
material), which are particularly important for nanoparticles due to relatively high surface
areas. These regions are especially important because of the stresses created at these
interfaces, which create internal stresses in the composite, thus altering its mechanical
behavior.
For composites containing nanoparticles, the particle-particle interactions are also
of significance, especially as the volume fraction of particles is increased (Tseng 2004).
From the state-of-the-art literature, there is no model for nanocomposites which
incorporates corrections for interparticle interactions, interfacial stresses, size-dependent
properties of nanoparticles, and viscoelasticity of the polymer matrix. Thus it is not
currently feasible to quantitatively estimate the mechanical properties (e.g., E and H) of
nanocomposites as a function of nanoparticle concentration. However, we can make
qualitative predictions as to how the mechanical behavior of a polymer film is affected by
the addition of QDs.
It is expected that the modulus and hardness of the nanocomposites films will
increase as a function of QD loading, as is typical for composite materials. As mentioned
in Section 1.2, there is expected to a critical QD concentration above which the film no
longer behaves like a polymer, due to decreased polymer-polymer bonding. In this case,
it may not respond as a viscoelastic or linear-elastic material, but may take on traits of a
granular material, as evidenced in recent studies on QD films (Lee 2007). This behavior
is not typically observed in nanocomposites because they usually have very low
concentrations of nanoparticles, on the order of 5-10 wt%. However, much higher
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concentrations are used in this research, up to 95 wt% QDs, because this is more realistic
for organic electronics applications.

2.6 Mechanical Characterization
The mechanical properties of engineering materials have played an important role
in designing structures and tools since antiquity.

Bulk material properties have

conventionally been measured via tensile testing, compression testing, macroindentation
and microindentation hardness testing, and others. Compared to the other techniques,
indentation testing is nondestructive, and many tests can be performed on the same
specimen.

It also has advantages in terms of simplicity, a short preparation time, and

testing time. An indentation test is used to determine the hardness, or the resistance of a
material to plastic deformation, according to the following relationship:

,

Equation 4

where H is hardness, Pmax is the force at maximum load, and A is the area of the
permanent impression left by the indenter tip. Quite simply, an indentation at a specified
load will leave a smaller impression in a harder material, and vice versa. Various
indenter geometries may be used, such as a spherical, conical, and pyramidal, with the
latter being the most common geometry. Specifically, the Vickers pyramid – a foursided, diamond pyramid with a face-to-vertical-axis angle of 68° – is common for most
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applications, because (1) the flat faces are easy to grind and (2) the area in Equation 4 is
easy to measure by taking the lengths of the diagonals of the square impression.
The major disadvantage of conventional indentation testing is that it does not
provide quantitative measures of the elastic or time-dependent behavior of a material.
However, when equipped with the ability to measure the displacement as a function of
the applied load, indentation testing can produce a vast amount of useful information.
This method is introduced in the next subsection (2.6.1). In the subsequent subsections
(2.6.2-4), testing of polymers is given specific attention, and methods of accounting for
errors due to viscoelastic creep and the effect of the underlying substrate are discussed.
Thereafter, a method of calibrating a nanoindenter is detailed, in 2.6.5.

2.6.1 Depth-Sensing Indentation Fundamentals
With the advent of integrated circuit technologies came an increasing need to
understand the mechanical behavior and reliability of thin films on hard substrates (Nix
1989). However, the traditional indentation test was not suited to measure the isolated
mechanical properties of thin films, because the penetration depths were too large. For
example, the minimum depth for a microindentation test is around 200 nm (Metallic
2004). Since it is generally assumed that an indentation should penetrate no more than
10% of the thickness of a film, this implies a minimum film thickness of 2 m, which is
relatively thick for microelectronics applications. However, the instrument itself was not
the root of the problem with testing thin films. The problem with indentation tests at
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small (e.g., sub-micron) penetration depths was that optical microscopy did not suffice
for measuring the contact area; thus electron microscopy was necessary (Newey 1982;
Pethica 1983). This made indentation testing on this size scale somewhat tedious. To
circumvent the time-consuming process of visually measuring the contact area, a new
method known as depth-sensing indentation (today referred to as “nanoindentation”)
testing was developed.
Nanoindentation is a technique used to simultaneously measure load and
displacement while creating an indentation. Force and displacement are measured by a
capacitive transducer attached to the nanoindenter assembly. Depth-sensing indentation
provides the ability not only to calculate the contact area in order to accurately determine
the hardness, but also to determine the elastic properties of a material, such as the elastic
modulus and stiffness.

apply
Load

indenter tip

remove
Load

surface

Figure 4. Nanoindentation scheme: (a) before application of the load, (b) at maximum
load, and (c) after removal of the load. The contact depth at maximum load is given by
the cross-sectional area of the indenter at height hc, where the indenter tip breaks contact
with the specimen.
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The nanoindentation concept is depicted in Figure 4: before the indentation is
performed, at maximum load, and after removal of the load.

In the figure, hmax

corresponds to the maximum displacement and hf the final displacement after removing
the load. The difference between the two is attributed to elastic recovery in the material.
The distance, in the h direction, between the end of the indenter tip and the point where
the indenter and specimen come out of contact with each other is known as the contact
depth, hc. Unfortunately, hc is not directly measurable, as are hmax and hf, but must be
determined by another means. This is resolved by the ability to plot the applied load as a
function of displacement.

hold segment

Load, P

loading
segment

unloading
segment

Displacement, h
Figure 5. Indentation load-displacement curve, showing the load, hold, and unload
segments. Extrapolating a tangent line from the top of the unloading segment gives the
maximum contact depth, hc.

23

A typical load-displacement curve is shown in Figure 5. The indentation test
cycle begins at the origin, from which the load is applied until the maximum load, Pmax, is
reached. This load is held constant for some time (usually a few seconds), in order to
allow for creep, after which the load is removed. These three events are represented by
the loading, hold, and unloading segments in the figure. If the specimen experiences no
plastic deformation, the unloading curve would trace back over the loading curve, and hf
would be at the origin. In the figure, the apparent difference between the loading and
unloading segments is due to plastic deformation of the material. It is assumed that the
loading segment is elastoplastic, involving both elastic and plastic deformation, and that
the unloading segment is purely elastic (Loubet 1984).
Doerner and Nix proposed that the contact depth, hc, could be determined directly
from the indentation curve, by assuming that the top third of the unloading segment is
linear (flat punch assumption) and extrapolating this line to P = 0; the intercept
corresponds to hc (Doerner 1986).

Oliver and Pharr modified this method in their

comprehensive study in 1992, noticing that the unloading curve is never linear, but rather
obeys a power law relationship, of the form:
,

where

Equation 5

is a constant and m is an exponent ranging from 1.2 to 1.6, depending on the

material, for a pyramidal indenter (Oliver 1992). After fitting the unloading curve to this
equation, it is trivial to find the slope at maximum load and extrapolate it to P = 0, simply
by taking the derivate. Equation 5 is in agreement with the elastic punch analysis
developed by Sneddon in 1965, in which the exponent m was found to depend on the
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indenter geometry (Sneddon 1965). Oliver and Pharr observed slightly different values
of m in experiment, which is explained when accounting for plastic deformation (Oliver
and Pharr 2004).
In order to calculate the hardness, H, the contact area (i.e., cross-sectional area at
hc) must be known. To achieve this, an empirical relationship between the contact area
and contact depth is first established:

. Oliver and Pharr used a calibration

sample with known material properties to determine this area function, which is still the
standard today (Oliver 1992). This method is explained in detail in Section 2.6.5.
As mentioned above, elastic properties can also be obtained from the loaddisplacement curve. The material stiffness is defined as change in load versus the change
in displacement for purely elastic deformation, which is the same as the unloading slope
at maximum displacement:
,
(Oliver 1992).

Equation 6

From this, the Young’s modulus can be calculated by the following

relationship:
,

Equation 7

where Er is the reduced modulus, which takes into account the elastic properties of the
specimen and indenter, according to:
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,
where E and

Equation 8

refer to the Young’s modulus and Poisson’s ratio, respectively, and s and i

denote the specimen and indenter, respectively (Oliver 1992).
Oliver and Pharr also presented a method of dynamically and continuously
measuring the stiffness during a single indentation, called the Continuous Stiffness
Measurement (CSM) technique (Oliver 1992).

This is done by superimposing an

oscillatory force on the indentation load profile and measuring the corresponding
displacement and phase offset of the output signal. This allows a researcher to see how
the elastic modulus varies as a function of depth in a material. One application would be
for measuring the mechanical properties of a very thin film, in which the underlying
substrate begins to affect the measurement after a certain depth.

2.6.2 Nanoindentation of Polymers
Nanoindentation analyses were originally designed for testing the mechanical
properties of thin films with applications in the semiconductor industry in the 1980s (Nix
1989).

The reference materials used to develop the nanoindentation protocol were

typically hard and soft metals, ceramics, and semiconductors, (see, for example: Doerner
1986; Oliver 1992), materials which undergo linearly elastic deformation and whose
deformation mechanisms are typically well-understood. This is not necessarily the case,
however, for polymers.
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First, polymers often exhibit viscoelastic deformation, whereby there is a timedependence of strain on stress (or similarly, of displacement on load). Conventional
nanoindentation tests do not account for time-dependent plasticity; thus polymers must be
treated specially when conducting indentation tests (VanLandingham 2001).

Some

methods of accounting for viscoelasticity are presented in the next section.
For indentation tests on polymers, which can be orders of magnitude softer than
metals and ceramics, it is often necessary to use deeper indentations. This is because of
the force sensitivity and noise in measurements of nanoindentation systems
(VanLandingham 2001), which may give excellent resolution for relatively shallow
indentations in hard materials, but may not suffice for soft materials. However, when
measuring the mechanical properties thin films, as is done in this study, it is irrational to
perform deep (e.g., several hundreds of nm) indentations, since the film thickness is only
on the order of 100 nm. For the nanoindenter used in this study, the force resolution is 1
nN, which should exceed the requirements for performing relatively shallow indentations,
though the noise is more noticeable.
For soft materials, there is also a potential problem in defining the zero point of
contact (h = 0). In order to accurately determine the penetration depth relative to the
original surface height, it is necessary first to determine when the tip first contacts the
surface. This is done by setting a force setpoint, above which the indentation software
“notices” that it is in contact with the surface. The force setpoint must be above the noise
level in the system and below a force that contributes to significant (several nm)
penetration into the surface. A sharper tip and slower approach speed allow the user to
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define a lower setpoint. The tip in this study has a nominal radius of 50nm; the approach
speed is 0.04 nm/s and the setpoint is 1 N.
Another concern when conducting mechanical tests on polymers is adhesion
between the polymer surface and the indenter tip. As the indenter retracts from the
sample, the contact area changes continuously (Oliver 1992). This implies that parts of
the tip are always coming out of contact with the sample surface, thus adhesion can play
a role throughout the entire unloading segment. It is most obvious when the indenter is
almost fully unloaded, in which case van der Waals forces can be strong enough to
produce a measurable negative force.

2.6.3 Interpreting Nanoindentation Data I: Accounting for Viscoelastic Creep
As described in section 2.6.1, the initial slope of the unloading segment of an
indentation load-displacement curve is used to calculate the elastic modulus, E. Oliver
and Pharr found that these unloading curves obeyed a power law dependence and could
be represented by an expression of the form
,

Equation 9

where 1.2 < m < 1.6 for most materials (Oliver 1992). For polymers, however, the
unloading segment cannot always be modeled by a power law fit, and attempts to do so
often result in rather large or otherwise misleading values of m (VanLandingham 2001).
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This is largely due to viscoelastic creep, which can be minimized by introducing long
hold segments at maximum load (Briscoe 1998) and unloading rapidly (Yang 2004).
Figure 6 shows an example of “nosing,” which can occur when the hold segment
is brief and the unloading rate is slow (Briscoe 1998; Feng 2002; Ngan 2002). Under
such conditions, the indenter tip can continue to penetrate further into the material, even
as the load is being removed, resulting in arbitrary calculations of stiffness (dP/dh) and
contact depth, and thus also elastic modulus and hardness.

long hold

Load

“nose”

Displacement
Figure 6. Nosing due to viscoelastic creep during the unloading segment. If the hold
segment is too short to allow for time-dependent deformation to cease, the material may
continue to creep well into the unloading segment, resulting in erroneous predictions of
stiffness (dP/dh) and the maximum contact depth (hc).
When a sufficiently long hold segment is incorporated at the maximum load, the
material can reach its equilibrium displacement before unloading. If the material has not
completely stopped creeping by the end of the hold segment, a rapid unloading rate will
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reduce the amount of creep while unloading. The difference that this combination makes
is depicted in Figure 6.
However, even when implementing these techniques, a small contribution from
creep may still remain in the measurements. VanLandingham et al. proposed a method to
correct for viscoelastic creep by first measuring the creep response during the hold
segment and then subtracting the calculated contribution of creep from the unloading
segment (VanLandingham 2001). They found that although the shape of the unloading
segment causes large errors when using conventional nanoindentation techniques, fitting
the unloading segment to a spline curve and adjusting it based on the creep behavior can
produce accurate values for the elastic modulus.

It should be mentioned that

VanLandingham et al. (as well as other groups) have also used dynamic nanoindentation
testing methods to measure elastic properties, but they warn that it is yet unknown
whether this technique applies to viscoelastic materials (VanLandingham 2001).
A similar approach was used by Feng and Ngan to account for viscoelasticity
based on the hold segment creep and the unloading slope (Feng 2002). They apply a
correspondence principle relating the behavior or elastic to viscoelastic solids to the
linear elastic punch problem developed by Sneddon (Sneddon 1965), and form a similar
set of equations for indentations on a viscoelastic material. They arrive at a simple
solution to account for the error in measured stiffness that requires only on two
parameters: the creep rate at the end of the hold segment and the initial unloading slope.
The correction for creep is obtained from:
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,

Equation 10

where S is the corrected stiffness, from which the modulus is determined, according to
Equation 7. Su is the unloading slope,
nm/s), and

is the rate of the end of the creep segment (in

is the absolute value of the unloading rate (in N/s), which is an input

parameter for load-controlled indentations.

The elegance of Equation 10 is that it

accounts for creep even if the hold segment is not sufficiently long and if the unloading
rate is not fast, although more errors are introduced in these conditions. Furthermore,
Equation 10 supports the earlier assumption that when using a long a hold segment (such
that

) in combination with high unloading rate, the corrected stiffness is the same

as the measured stiffness:

.

Since the displacement versus time,

, is also

affected by thermal drift, Equation 10 can be used to account for viscoelastic creep and
thermal drift at the same time. In fact, this is built into the equation, since

is the sum

of the creep rate and thermal drift rate at the end of the hold segment. (Feng 2002)

2.6.4 Interpreting Nanoindentation Data II: Accounting for the Substrate
Effect and Heterogeneous Films
For nanoindentation tests on thin films, it is generally believed that the maximum
penetration depth should be kept below 10% of the film thickness, or

. When

surpasses 0.1, the mechanical properties of underlying substrate begin to effect
31

the measurement. For the case of a soft film on a rigid substrate, for example, the
measured values of E and H will be erroneously high. In the present study, the film
thickness – on the order of 100 nm – suggests that the maximum depth of penetration is
limited to approximately 10 nm, in order to prevent the substrates’ properties from
interfering with the measurements. The problem with limiting the study to such small
penetration depths is two-fold. First, the indenter tip is not infinitely sharp. The nominal
tip radius of the Berkovich indenter used in this study was specified to be < 50 nm by the
manufacturer. However, this is an approximation, as the tip is not perfectly round. Thus
the uncertainties involved with sub-10 nm indentations may be great, due to uncertainties
in the tip geometry. Secondly, the film is not perfectly flat, due to uneven evaporation of
solvents post-deposition. The surface roughness of the films is on the order of 10 nm,
which suggests that indentations significantly larger than 10 nm are necessary to
minimize the effect of surface roughness.
The unknown geometry of the tip can be compensated by carefully calibrating the
tip-area function, A(hc), at low loads on a substrate with known mechanical properties.
Again, the surface roughness of the calibration sample can provide additional
uncertainties. Furthermore, indentations at such low depths can have errors due to other
factors, such as a low signal:noise ratio, an increased effect of thermal drift, and an
inaccurate measurement of the zero-point of indentation (the height at which the tip
contacts the surface), the latter of which is particularly significant for soft materials.
Regarding the surface roughness of the films, the indenter tip can be used as a scanning
probe microscope (SPM) to produce a topographical image of the surface prior to
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indentation, thus allowing one to indent only in relatively flat areas. However, imaging is
significantly more difficult for softer materials, and the probe may even scratch the film
while scanning.
All of the above reasons justify a need to perform indentations at higher
penetration depths, despite the effect of the underlying substrate. Fortunately, there are
ways to subtract the mechanical properties of the substrate from the measurements, in
order to yield those of the film alone.

2.6.5 Tip Area Function Calibration

For accurate measurements of material properties via nanoindentation, it is
necessary to determine the actual geometry of the tip, rather than assuming an idealized
geometry. This is commonly accomplished by performing a series of indentations across
a wide range of maximum loads on a fused quartz specimen. Fused quartz is used
because it is a material with well-known mechanical properties and it undergoes isotropic
deformation, with negligible errors due to pile-up, cracking, etc.
Following the method of Oliver and Pharr (Oliver 1992), the elastic moduli of all
of the calibrations indentations are calculated using a pre-defined (uncalibrated) area
function. These are then normalized against the true (known) elastic modulus of the
material, and the cross-sectional area is determined for each data point from Equation 10.
These areas are used to empirically determine the contact area as a function of height.
For an ideal, infinitely-sharp Berkovich tip, with a face-to-axis angle of 65.3°, this
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relationship is

(Fischer-Cripps 2002). Oliver and Pharr suggested adding

several more parameters to the tip-area function, as follows:
,

Equation 11

where Ci (i = 1-8) are fitting coefficients. The extra terms account for blunting and other
imperfections in the tip geometry,

2.7 Selection of Materials
CdSe was chosen for the QD material primarily because CdSe nanocrystals have
been extensively used in hybrid polymer-nanocrystal LED and PV devices. In addition,
CdSe QDs are commercially available and their emission range (~480-640 nm) falls
within the visible light spectrum (NN-Labs).

The CdSe QDs are electrically and

chemically passivated, or capped, with octadecylamine (ODA) as a ligand.

This

passivation layer is necessary to confine the charge carriers in the crystalline core. It is
also used to terminate growth during synthesis, and furthermore prevents them from
ripening or sintering after growth is terminated (Herron 1996).
When the radius of a QD shrinks below the material’s exciton Bohr radius (5.6
nm for CdSe (Efros 2000)), the QD is considered to be in the “strong” quantum
confinement regime. Under this circumstance, the band gap is strongly dependent on the
QD radius and varies from the bulk band gap according to the relationship:
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,
where
2 ,

is the bulk band gap, r is the QD’s radius,

Equation 12

is Planck’s constant divided by

is the reduced mass of the electron-hole pair, e is the charge on an electron, and

is the dielectric constant of the bulk material (Efros 2000). The third term on the right
is relatively small and is a correction due to Coulombic interaction between the electron
and its corresponding hole.
The conjugated polymer MEH-PPV is selected for this application because of its
extensive use in blended polymer-nanocrystal devices and its ability to solubilize in a
variety of organic solvents.

Its wide use derives from its electroluminescent and

conductive properties, as well as its enhanced solubility over its simpler form, PPV
(Birgerson 2001).

2.8 Characterization of Film Morphologies
In this study, uniform dispersion of QDs is critical to obtaining meaningful
results. It is generally believed that good dispersion leads to better mechanical integrity
of composites (Ajayan 2003, p. 219). In addition, film uniformity is important for
mechanical testing, because the indentation data would contain large errors and standard
deviations if a films’ composition varies greatly from section to section. Studying films
with good dispersion is also more valuable to the scientific community, because the films
are intended to mimic those in optoelectronic devices, for which uniform dispersion is
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essential. This is because better dispersion contributes to better charge transport, and
thus improved device performance.

For QD-polymer hybrids, the particle-particle

distance should be small – less than < 15 nm, based on the exciton diffusion distance for
the polymer (Greenham 1996). This distance should also be relatively consistent; i.e., the
film should be a homogeneous mixture.
For a film with phase segregation too small to see under an optical microscope,
other techniques must be used for determination of the film uniformity. One way to do
this is by using transmission electron microscopy (TEM) to investigate the phase
segregation of QDs on very thin films (Greenham 1997). Another technique to determine
the uniformity is using atomic force microscopy (AFM) to study the surface of a film. In
concept, aggregates on the order of tens of nanometers, for example, should manifest
themselves as roughness on the film’s surface, whereas a perfectly homogeneous mixture
should have a flatter surface. Several groups have reported using AFM to measure
surface roughness in order to quantify film uniformity (Magonov 1997; Huynh 2003; Sun
2003, Sun 2005). For example, Huynh et al. relied heavily on RMS surface roughness
data when optimizing the pyridine:chloroform ratio for dissolving CdSe QDs of different
morphologies with the polymer P3HT (Huynh 2003).
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CHAPTER 3

3. Experimental

3.1 Overview
Solutions of various ratios of CdSe QDs to MEH-PPV were prepared and cast
onto soda lime glass substrates via spin-coating and were subsequently annealed. The
mechanical properties of the films were characterized via nanoindentation, and the
surfaces were analyzed via atomic force microscopy (AFM). Transmission electron
microscopy (TEM) was also used to verify the size and dispersion of the nanocrystals.
Further details are provided in the following sections.

3.2 Materials
The QDs were purchased from NN-Labs (www.nn-labs.com, product # CSE620100, Fayetteville, AR, USA) and were specified to have an absorption peak of 620 10
nm, which corresponds to photoluminescence peak of approximately 630 nm and a
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diameter of approximately 5.6 nm. This QD size is relatively large compared to the
available size range. The rationale for choosing larger QDs was that the correspondingly
larger cross-sectional areas would benefit experiments attempting to deform the QDs
themselves. The band gap corresponding to photoluminescence peak of 630 nm is
calculated to be

,

Equation 13

This is slightly greater than the band gap of the bulk band gap for CdSe at room
temperature of 1.67 eV (Adachi 2004, p. 320).
MEH-PPV was purchased from American Dye Source, Inc. (www.adsdyes.com,
item # ADS200RE, Baie D'Urfe, Québec, Canada). The manufacturer specifies the
polymer to have a molecular weight of > 50,000 amu, and absorption and
photoluminescence peaks at 490 and 585 nm, respectively. The structure of MEH-PPV is
shown in Figure 7. It is capped at the chain ends with polyhedral oligosilsesquioxane
(POSS) for stability.

Figure 7. Molecular structure of MEH-PPV with POSS end-caps (American).
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The CdSe QDs came dissolved in toluene at a concentration of 5 mg/mL. The
MEH-PPV polymer came in the form of a powder. The QD solutions and dry MEH-PPV
were stored in a chemical refrigerator until they were used.

3.3 Preparation of Blended MEH-PPV and QD Solutions
Two methods of blending the QDs with the polymer were pursued: (1) direct
mixing of the polymer with the QDs in toluene and (2) removal of the ODA ligand and
dissolving the QDs and polymer mixing in a combination of pyridine and chloroform
solvents. The rationale for the first method is that the MEH-PPV polymer is soluble in
toluene and the QDs were already suspended in a toluene solution. Direct mixing of the
two was expected to result in a solution in which both constituents were suspended and
mixed well with one another. The second method is more complex, but removing the
ligand has several advantages, which are detailed in the Section 4.1.
For the direct-mixing method, the QDs were ready to mix in the condition in
which they were received. To prepare the MEH-PPV solution, dry MEH-PPV was
weighed and dissolved in anhydrous toluene (99.8%, Sigma-Aldrich) at 5 mg/mL. They
were stirred at 400 RPM for a minimum of two hours, without heating. A blended
solution of 50 wt% QDs in MEH-PPV was then prepared by mixing the MEH-PPV and
QD solutions in equal parts, with a total concentration of 5 mg/mL. One solution of 50
wt% QDs was also prepared with a concentration of 10 mg/mL, by adding dry MEH-PPV
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directly to the QD solution. The solutions were dissolved by stirring for approximately
12 hours at 300 RPM using a magnetic stirrer. They were further mixed in an ultrasonic
bath for 30 minutes prior to deposition.
For the second method, a modified ligand-removal procedure of Sun, Marx, and
Greenham (Sun 2003) was used, per the suggestions of Dr. David Goorskey (Goorskey).
The process involved mixing a 1:1 volume ratio of the as-purchased QD solution in
anhydrous pyridine (99.8%, Sigma-Aldrich) in an ultrasonic bath for twenty minutes.
Subsequently, hexanes were added at approximately a 4:1 volume ratio of hexanes to
existing solution, and the QDs were isolated via centrifugation at 9,000 RPM for 20-30
minutes.

The supernatant was discarded and the process of adding pyridine,

ultrasonicating, adding hexanes, and centrifuging, were repeated once. After pouring out
the final supernatant, the ligand-free QDs were dried under flowing nitrogen gas for 2-3
minutes, after which a binary solvent solution of 8% pyridine in chloroform was added to
the QDs, at 5 mg QDs / mL. The resulting solution was dissolved in an ultrasonic bath
for two hours and then filtered using a 0.45-m PTFE syringe filter. The rationale for
these procedures is discussed in Section 5.1.
centrifugation are shown in Figure 8.
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Pictures from before and after


(a)


(b)

(c)

Figure 8. Centrifugation of CdSe QD solution. QDs in toluene (d)
were precipitated by centrifuging with pyridine and hexanes. When
precipitated completely, the supernatant is clear, as in (c).
(d)

The MEH-PPV solution was prepared by dissolving dry MEH-PPV ((a-b)) in a
similar binary solution of 8 vol% pyridine in chloroform, also with a concen-tration of 5
mg/mL, and ultrasonicating for three hours ((c)). After sonicating, the solution was
filtered using a 0.45-m syringe filter to remove foreign particulates ((d)). The same
concentration of constituents in each solution ensured that any combination of the two
solutions would result in a total (QD + polymer) concentration of 5 mg/mL. Likewise,
the same pyridine:chloroform ratio was used for both the MEH-PPV and QD solutions so
as to ensure that all of the mixed solutions would have the same ratio, regardless of the
mixing proportions.
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(a)

(b)

(c)

(d)

Figure 9. Preparation of MEH-PPV solution. Dry MEH-PPV (a) was dissolved in a
binary solvent solution of 8% pyridine and 92% chloroform (b), immersed into an
ultrasonic bath (c) for three hours, and finally it was filtered through a 0.45-m PTFE
syringe filter (d).
The MEH-PPV and QD solutions were measured using the gradients on a 0.25mL glass syringe, and combined in a glass vial. They were mixed by ultrasonicating for
two hours without added heat. Concentrations of 0, 25, 50, 75, 90, 95, and 100 wt% QDs
were prepared using this method (see Figure 10).
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wt% QDs:

0

25

50

75

90

95

100

Figure 10. Mixing polymer and nanocrystal solutions. The MEH-PPV and QD
solutions, each a concentration of 5 mg/mL, were mixed to create several more solutions
with different concentrations.
The concentrations used in the mechanical tests were decided based on the
following reasoning. Since the QDs are several times denser than the polymer, a film
consisting of equal masses of QDs and MEH-PPV would only have a small volume
contribution from the QDs – in this case, ~15%. Volume ratios are more meaningful than
weight percent for calculations of composite mechanical properties. Therefore, in order
to maintain a gradual increase in the volume ratio of QDs from one film to the next, there
is less separation in the QD loading (in weight%) for films as the loading increases (see
Figure 11). The volume percents were estimated using densities of 1 g/cm3 for MEHPPV (Mirzov 2004) and 5.664 g/cm3 for bulk zinc blend CdSe (Adachi 2004, p. 312). In
the actual mechanical tests, the 25 wt% sample was not used.
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Figure 11. Volume percent versus weight percent of CdSe QDs in MEH-PPV.

3.4 Deposition of QD and Polymer Films via Spin-Coating
Films were deposited via spin-coating (Specialty Coating Systems, P 6708 Spin
Coater, part # FA-810-1006-1, Indianapolis, IN, USA) onto glass substrates.

The

substrates were diced from microscope slides to 8 mm x 8 mm squares. They were
cleaned prior to use, first by ultrasonicating for ten minutes each in acetone and isopropyl
alcohol, rinsing in deionized water, drying with a nitrogen gun, and subsequently
annealing at 120ºC for twenty minutes. Spin-coating was performed at 1000 RPM for
twenty seconds for all films. Following deposition, the films were exposed to air for
several minutes before annealing for one hour at 120ºC (see Figure 12). Samples were
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stored in a nitrogen-filled dry box. All films from the second method of mixing are
shown in Figure 13.
(a)

(b)

Figure 12. Preparation of films. The solutions were spin-deposited onto glass substrates,
as in (a), which shows a test sample of pure MEH-PPV immediately after spinning. The
samples were subsequently annealed at 120 °C for 3 hours (b).

wt% QDs:

0

25

50

75

90

95

100

Figure 13. Picture of all samples prepared using the second method of mixing (with the
ligand-removal procedure).
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3.5 Nanoindentation Testing
Nanoindentation testing was performed on two different sets of samples by two
instruments. These tests were only performed on films made from QDs without ligands,
because these films were considerably more uniform than those made via direct mixing in
toluene.
Preliminary testing was performed for films with 0, 50, and 90 wt% QDs:MEHPPV using an MTS Nano Indenter XP (Agilent Technologies, formerly MTS Corp., Oak
Ridge, TN, USA) with a Dynamic Contact Module attachment. The (CSM) technique
was used, with a 2-nm amplitude target and a 45-Hz frequency target, a strain rate of 5s-1,
and a maximum displacement of 100 nm. Ten indentations were performed on each
sample using a three-sided, diamond Berkovich indenter tip with a nominal tip radius of 5
nm (i.e., 5 nm when it was purchased; it may have been duller at the time of testing).
More extensive testing was performed using a Hysitron Triboindenter (Hysitron,
Inc., Minneapolis, MN, USA) on films of 0, 50, 75, 90, 95, and 100 wt% QDs, with a 30nm, diamond Berkovich tip. The Triboindenter setup is shown in Figure 14. Quasi-static
nanoindentation testing in the “load control” feedback setting (integral gain = 0.2) was
used for these tests. The test parameters are summarized in Table 1. Indentations were
performed at loading and unloading rates of 1, 10, and 100 N/s. Eight maximum loads
were used, ranging from 5-200 N, incremented by a constant percent increase of
~69.4% (i.e., 5 N, 8.47 N, 14.3 N, …, 200 N). A common hold time of 30 seconds
at maximum load was used for all indentations, and five of each type of indentation were
made per sample. The load-hold-unload indentation test cycle is depicted in Figure 15.
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Optical
microscope

Piezo tube

Transducer

Nanoindenter tip
S

Test
samples

Figure 14. Triboindenter assembly. Six samples are fixed to the stage using built-in
magnets. The stage can translate in the x- and y- directions using servo motors. The
nanoindenter tip (not visible here) is attached to the transducer, which is attached to a
piezo tube. The tip assembly can move in the vertical (z) direction, along with the optical
microscope, which is used to view and select a region of a sample for indentation.
The indentations were spaced 10 m apart. In addition, they were separated into
five positional groups for each sample, in order to obtain measurements from different
regions of the film, in case there were any variations in the film composition or thickness
in different regions. At a distance of 20 from each positional group, three deep (9,000N maximum load) indentations were created, to use later for calculating the thickness at
each location and for obtaining a more accurate average film thickness. The large
indentations were performed using a 5s-10s-5s load-hold-unload test cycle. A built-in
drift correction feature was enabled, which measures the displacement rate of the
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instrument as the indenter tip is held on the sample surface for 45 seconds at 1 N, and
then subtracts this displacement from the indentation data automatically. In addition, the
nanoindenter was housed in a thermally-isolated enclosure to prevent rapid changes in
temperature. For the quasi-static testing, the total number of indentations was 810 and

wt% QDs:

Approx. vol% QDs

# Indentations per
combination

Loading and
Unloading Rate
(N/s)

Hold Segment (s)

the test duration was 61 hours.

0%

0%

5

1, 10, 100

30

50%

15.0%

5

1, 10, 100

30

75%

34.6%

5

1, 10, 100

30

90%

61.4%

5

1, 10, 100

30

95%

77.0%

5

1, 10, 100

30

100%

100%

5

1, 10, 100

30

Maximum Load
(N)

5, 8.5, 14.3, 24.3, 41.2, 69.7, 118.1,
200
5, 8.5, 14.3, 24.3, 41.2, 69.7, 118.1,
200
5, 8.5, 14.3, 24.3, 41.2, 69.7, 118.1,
200
5, 8.5, 14.3, 24.3, 41.2, 69.7, 118.1,
200
5, 8.5, 14.3, 24.3, 41.2, 69.7, 118.1,
200
5, 8.5, 14.3, 24.3, 41.2, 69.7, 118.1,
200

Table 1. Quasi-static nanoindentation input parameters.
For the quasi-static indentation tests, the tip area function was calibrated on a
fused quartz substrate, using the method described in Section 2.4.5. Special attention was
given to the low-depth indentations by creating more indentations in this range. The

48

CSM indentations were done in collaboration with a colleague, who performed the
calibration separately.

Load

hold 30 sec

Time
Figure 15. Trapezoidal indentation test cycle. The load is increased at a constant rate
until the maximum load is reached. This load is held constant for thirty seconds, after
which the load is removed at the same rate as it was applied. Proportions are not to scale.

3.6 Characterization of the QD Dispersion and Film Morphology
Films were initially analyzed with an optical microscope (reflection mode) in
order to reveal any microscopic phase segregation as well as obvious contamination.
Atomic force microscopy (AFM) was used to further characterize the film uniformity
prior to nanoindentation. First-order flattening was used to account for image artifacts
due to tilt and thermal drift. Average roughness values were then obtained from these
images. A Digital Instruments (currently Veeco) AFM (model MMAFM-350EX) was
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used in tapping mode to obtain images and roughness data for the films. In order to study
the phase segregation in the solutions at the nanoscale, transmission electron microscope
(TEM) analyses were conducted for solutions of various QD:polymer ratios, using a
JEOL 2010F TEM. The TEM samples were prepared by drop-casting dilute (~1.25
mg/mL) concentrations of QDs and MEH-PPV dissolved in the 8vol% pyridine in
chloroform solutions onto Cu TEM grids with a thin carbon film. The 50 wt% and 90
wt% solutions were examined, along with the original 5 mg/mL solution of QDs
(dissolved in toluene), as-received from the manufacturer. Figure 16 shows pictures of
one of the TEM grids and how the solutions were drop-cast onto it.

Figure 16. TEM sample preparation. Pictures show a solution being drop-cast onto a
standard 3-mm-diameter Cu grid from a syringe and needle.
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CHAPTER 4

4. Results

4.1. Optical Characterization of QD-MEH Films Prepared by Two Different Methods
Optical microscope images of filtered and unfiltered 50 wt% QD films, prepared
using the first method, are shown in Figure 17. Large agglomerates can be seen for the
unfiltered case (Figure 17 (a)). When the same solution is filtered immediately prior to
deposition, the largest agglomerates are removed, but several impurities still remain
(Figure 17 (b)). Two images from films prepared by the ligand-removal method are
shown in Figure 18, for filtered and unfiltered 90wt% QD films.

No large-scale

aggregation can be observed in these images. Some dark patches are visible in the
images; these are artifacts caused by reflection from the bottom side of the transparent
substrates and are not parts of the films.
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(a)

(b)

Figure 17. Microscope images of 50wt% QD films with ligands still attached, for (a)
unfiltered and (b) filtered solutions.

(a)

(b)

Figure 18. Microscope images of 90wt% QD films prepared after removing the QD
ligands, for (a) unfiltered and (b) filtered solutions. (Note that the scale bars are 200 m
in (a) and 100 m in (b).)
The differences in the films’ colors may be partially attributed to different light
filters within the microscope. However, the color and consistency of the filtered and
unfiltered solutions were noticeably different to the naked eye. For all of the films
prepared using this method, the filtered solutions appeared semi-transparent. In addition,
filtering required a significant amount of force (occasionally causing the filter to burst).
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For the solutions prepared using the ligand-removal procedure, the solutions passed
through the filters much more easily and the filtered solutions appeared just as opaque as
they did prior to filtration. For the films in Figures 17 (b) and 18 (b), it should be noted
that the filtration was performed immediately prior to deposition, not prior to mixing the
QD and MEH-PPV solutions.

4.2 TEM Images of QDs
Transmission Electron Micrographs for three different solutions are shown in
Figure 19.

Figure 19 (a) and (b) correspond to the original solution from the

manufacturer: a 25 mg/mL solution of CdSe QDs dispersed in toluene. The images in
Figure 19 (c) and (d) are for the 90 wt% QD solution, and those in Figure 19 (e) and (f)
are for the 50 wt% QD solution. These were the same solutions used for the mechanical
testing, but diluted by a factor of four.
Due to the absence of the MEH-PPV polymer, the toluene solution is extremely
thin and resulted in a near-monolayer dispersion of QDs (see Figure 19 (a)), despite their
relatively high concentration (5 mg/mL, compared 1.25 mg/mL for the other solutions).
The QDs appear to be relatively monodisperse and spherical, with diameters of
approximately 5 – 6 nm, which is close to the expected diameter of 5.6 nm. In the
images to the left, there are some areas in which the QDs appear darker.

This is

especially prominent in the lower-right hand corner in the 50 wt% sample. This sample
also appears to have the most “empty” regions, in which there are no QDs.
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(b)

(c)

(d)

(e)

(f)

50 wt% QDs

90 wt% QDs

As-received QDs (in toluene)

(a)

Figure 19. Transmission Electron Micrographs of CdSe QD solutions: (a,b) as received
from the manufacture, and diluted solutions of (c,d) 50 wt% and (e,f) 90 wt% QDs in
MEH-PPV.
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The dark regions can be attributed to vertical stacking of QDs. This threedimensional architecture can exist only if the film is thick enough to accommodate
multiple QDs in the vertical direction. It is most prevalent in the 50 wt% sample because
it has the highest concentration of polymer. The presence of more polymer contributes to
a more viscous solution, which in turn, results in a thicker film. In addition, a higher
concentration of polymer means that – on average – there is more spacing between QDs.
Therefore, one should expect to find some gaps between groups of QDs in a random
distribution. Despite the appearance, these gaps are not empty space, but part of the
polymer matrix. Note that a 50 wt% QD solution is in fact only 15% QDs by volume,
meaning that approximately 85% of the volume in these films is composed of the
polymer alone.
There is also some apparent noise between the QDs in all of the images. Again,
this is most substantial for the 50% sample. Some of this may come from the underlying
carbon films; however, the amorphous polymer also contributes to the noise in the
images, so the thicker film in the 50 wt% sample is expected to have the most noise.

4.3 AFM Surface Characterization
Atomic force micrographs of the six films used for nanoindentation testing are
shown in Figure 20. The corresponding average surface roughness values are given in
Table 2, as a function of volume percent of QDs in MEH-PPV. The average roughness
for both the pure MEH-PPV and pure QD films were less than 5 nm. The roughness
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peaks above 20-nm for films at relatively low QD loading, whereas films with a larger
volume of QDs than polymer are flatter.
It should be noted that it can be difficult to obtain high-resolution AFM images of
polymers due to their compliance and adhesive forces. For this reason, the roughness
data may also be slightly skewed, as there may be a smoothening effect of features that
should be more distinguished. However, the roughness calculation is not a function of
the smoothness but of the deviation from an average height, so the values obtained should
still be quite accurate.
The surface morphologies vary dramatically as a function of QD loading, ranging
from a coarse film with uniformly distributed, small (<10 nm) features at 0 wt% QDs
(Figure 20 (a)) to a flat film with random patches or dimples at 100 wt% QDs (Figure 20
(f)). Close inspection reveals a gradual progression from one to the other as the QD
loading increases. The small hills and troughs of Figure 20 (a) become successively
more pronounced in Figure 20 (b) and (c); in Figure 20 (d) (90 wt%) the surface first
begins to reveal large patches, which are seen more prominently in Figure 20 (e) and (f).
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1 μm

5 μm

0 wt% QDs

(a)

50 wt% QDs

(b)

75 wt% QDs

(c)

90 wt% QDs

(d)

(Figure 20, continued on page 58.)
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1 μm

5 μm

95 wt% QDs

(e)

100 wt% QDs

(f)

Figure 20. AFM topographical images and 3-D images of the six films used in
indentation testing. QD concentrations range from 0wt% in (a) to 100 wt% in (b).

50 wt%

75 wt%

95 wt%
90 wt%

Table 2. Film roughness versus volume percent of QDs in MEH-PPV.
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4.4 Tip Area Function Calibration Results
The load-displacement curves for the indentations on the fused quartz calibration
sample are shown in Figure 21. The first four terms in Equation 11 were used to
determine the contact area as a function of contact depth. The area function is given by
.

Equation 14

This area function is plotted in Figure 22, and is used for the determination of H and E
for the quasi-static indentations in this thesis.

Figure 21. Nanoindentation calibration curves from indentations on a fused quartz
substrate. The curves overlap on the loading segment, indicating good repeatability.
59

Figure 22. Tip area function definition. After calibrating the indenter tip using a sample
with known mechanical properties, the geometry (contact area) of the tip is defined as a
function of distance from the end of the tip and fit using a polynomial function with the
above coefficients.

Special attention was given to calibrate the end of the tip by increasing the
number of fused quartz indentations in the depth range of approximately 5-100 nm. This
was done because the end of the tip has the greatest deviation from the ideal tip
geometry, and also because many of the indentation tests on the films are performed at
very shallow depths (e.g., < 20 nm). Since fused quartz is several times harder than the
polymer films, indentations do not penetrate as deep at the same loads; therefore, the area
function for fused quartz at low depths should be more accurate than that for a softer
calibration material, because of less deviation in the maximum load. Using the new tip
area function, the modulus and hardness of the fused quartz substrate were plotted as a
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function of contact depth (Figure 23). The modulus and hardness over the entire range
were 69.72 ± 3.26 GPa and 8.52 ± 0.75 GPa, respectively, compared to known values of
69.6 and 8.95 GPa. The standard deviations are relatively high for a calibration test, but
this skewed by the large number of tests at low indentation depths (e.g., below 20 nm),
where more deviation is expected.

Figure 23. Elastic modulus and hardness versus contact depth for fused quartz after
calibration. E and H were calculated using the new area function and plotted to verify the
success of the calibration. The modulus measurement is relatively accurate for contact
depths down to 5.2 nm, whereas the hardness measurements have large errors up to
approximately 20 nm.
61

4.5 Film Thickness Determination
The film thicknesses were determined for each of the six films used for
indentation testing. This was done by comparing the maximum depths of large (9 mN)
indentations on the films with indentations on a plain glass substrate. (This technique was
suggested by Dr. G. W. Sawyer in a private conversation). For such large indentations, in
which case the indenter tip penetrates completely through the film and deep into the
substrate, it is assumed that the difference in maximum displacements of an indentation
on a clean substrate and an indentation on a film deposited on the same substrate is due to
the thickness of the film. Thus the film thickness is taken to be this difference. This is
shown in Figure 24, in which case the maximum loads are the same (9 mN) and the loaddisplacement curves are offset such that their maximum displacements overlap. The film
thickness is the difference between the initial displacements, relative to the indentation on
plain glass, as depicted in Figure 24 (b).
The average film thicknesses and their standard deviations are given in Table 3.
These values are plotted in Figure 25 versus vol% QDs, with wt% labels shown for
reference. For the indentations on a plain, cleaned glass substrate, five indentations up to
9 mN were used to find an average maximum displacement. For the films, fifteen
indentations were used, with three at each of five different positions on each substrate.

wt% QDs
0%
201.62
Film Thickness (nm)
Standard Deviation (nm) 19.33

50%
85.61
11.67

75%
162.62
17.11

90%
85.15
4.48

95%
156.42
6.98

100%
131.36
11.35

Table 3. Average and standard deviations of the film thicknesses for all test samples.
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(a)

(b)

224 nm

92 nm

Figure 24. Determination of film thickness from the load-displacement curve.
Representative curves for the 0 and 90 wt% QD samples and the plain glass sample are
offset such that the maximum displacements are the same, in (a). The initial loading
portions are blown-up in (b), from which the film thicknesses of 224 nm and 92 nm for
the 0 wt% and 90 wt% samples, respectively, are determined.
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75 wt%

50 wt%

95 wt%

90 wt%

Figure 25. Film thickness versus QD concentration (vol%). Weight percents are
provided as labels for reference.

4.6 Nanoindentation Results
The nanoindentation results are briefly presented in this section, before modifying
the data to account for the substrate effect, viscoelastic creep, or thermal drift, which are
discussed in detail in Chapter 5.

4.6.1 Elastic Modulus and Hardness for Different Loading and Unloading Rates
The modulus and hardness values calculated using the Oliver and Pharr method
are plotted versus contact depth in Figures 26-28 for the different loading and unloading
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rates: 100, 10, and 1 μN/s. Figures 26, 27, and 28 correspond to the pure MEH-PPV (0
wt% QD) film, 90 wt% QD film, and pure (100 wt%) QD film, respectively. For all
three films, it is observed that the tests performed at 10 and 100 μN/s yielded nearly the
same results. Their hardness and modulus versus depth plots overlapped in all cases.
However, the 1 μN/s plots deviate significantly for all three films.
For the pure MEH-PPV film, E increases steadily after the first 30-40 nm into the
sample, whereas E only slightly increases for the 90 wt% QD film, and not at all for the
pure QD film. H is observed to decrease sharply in the first 10-20 nm for all of the films.
All of the tests at 1 N/s were much more scattered than the tests at 10 and 100 N/s, and
E and H are extremely high in parts of some of the plots, such as for H in the MEH-PPV
film, in the range of 70-80 nm. There also appear to be clusters of data points in many of
the plots, each with their own trends, such as in the combined plot for the pure QD film.
These observations will be addressed in Chapter 5.
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0 wt% QDs
10 μN/s

100 μN/s

1 μN/s

Combined

100 μN/s – red squares
10 μN/s – black diamonds
1 μN/s - blue circles

Figure 26. Hardness and modulus vs. depth for a pure MEH-PPV (0 wt% QDs) film at
different loading and unloading rates. The data points for H and E for 10 and 100 μN/s
rates overlap in the combined plots (lower right), whereas the 1 μN/s data points fail to
follow the same trend at higher contact depths.
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90 wt% QDs
100 μN/s

10 μN/s

1 μN/s

Combined

100 μN/s – red
10 μN/s – blue
1 μN/s – light green

Figure 27. Hardness and modulus vs. depth for a 90 wt% QD film at different loading
and unloading rates. Again, the 1 μN/s data points do not follow the same trend as those
of the 10 and 100 μN/s tests. The apparent maximum contact depths are also much lower
for the 1 μN/s tests, though the maximum loads were the same.
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100 wt% QDs
100 μN/s

10 μN/s

Combined

1 μN/s

100 μN/s – red
10 μN/s – blue
1 μN/s – light green

Figure 28. Hardness and modulus vs. depth for a pure QD (100 wt%) film at different
loading and unloading rates. The apparent maximum contact depths here are far less than
those depths at higher loading rates, leading to overestimates of hardness.
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4.6.2 Rate-Dependent Deformation

The rate-dependent mechanical response of the films can be observed directly
from the load-displacement curves. An example of this is shown for pure MEH-PPV in
Figure 29, in which two load-displacement curves are plotted together for loading and unloading rates of 1 and 100 N/s. The maximum load for the both indentations was 5 N.

100 N/s
1 N/s

Figure 29. Comparison of the load-displacement curves for indentations at different
rates. With a rapid, step-like increase to the maximum load (for 100 N/s), the slope of
the loading segment is steep, and a large fraction of the total displacement occurs during
the hold segment. At a rate of 1 N/s, the slope is more gradual and there is much less
creep in the hold segment.
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In Figure 29, the 100 N/s test is represented by the solid lines, whereas the dots
represent the 1 N/s test.

The figure has the appearance of two hysteresis loops

overlapping. The slope of the 100 N/s test is sharper for both the loading and unloading
segments. It is also seen in the figure that the test performed at the higher loading rate
underwent far more creep during the hold segment than the test at the lower loading rate.

Figure 30. Viscoelastic creep during the hold segment, plotted as displacement versus
time, for three different loading/unloading rates: 1, 10, and 100 N/s. The maximum
load for these tests was 5 N and the sample was pure MEH-PPV.
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In Figure 30, the displacement during the hold segment (at 5 N) is plotted with
respect to time for the same two indentations above. An indentation performed at 10
N/s is also included. The curves have been normalized such that beginning of the hold
segments are at the origin. For all films, the creep rate is the greatest near t = 0, and
continuously decreases until reaching a plateau at the maximum displacement. After
approximately 20 seconds, the displacement decreases slightly. This is believed to be an
artifact resulting from thermal drift, which becomes more noticeable as the creep rate
approaches zero. The most creep is observed for the test at 100 N/s, and the least creep
is observed for the test at 1 N/s.
The amount of creep also varies with QD concentration. The creep during the
hold segment for all six films is compared in Figure 31. The test data used for this figure
correspond to a maximum load of 24 N and a rate of 100 N/s. The amount of creep is
greater for higher concentrations of MEH-PPV. The pure MEH-PPV film is the only one
which continues to creep even after thirty seconds at a constant load. Some of the
samples actually decrease in depth closer to the end of the hold segment, which, again, is
attributed to thermal drift.
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0 wt%

50 wt%
75 wt%

90 wt%
95 wt%

100 wt%

Figure 31. Creep versus time under a constant load of 24 N for six concentrations of
QDs.

4.6.3 Elastic Modulus and Hardness for Different QD Concentrations
The elastic modulus and hardness as a function of contact depth for all of the
films at a loading and unloading rate of 100 N/s are shown in Figures 32 and 33,
respectively. The graphs’ axes are kept the same for different concentrations so that they
may be compared side-by-side with ease.
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Figure 32. E vs. hc for all films, for a loading and unloading rate of 100 N/s.
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Figure 33. H vs. hc for all films, for a loading and unloading rate of 100 N/s.
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CHAPTER 5

5. Discussion

5.1. Solution Homogeneity: QDs with Ligands vs. Ligand-Stripped QDs
For the first method of mixing, the change in the solution’s appearance and its
resistance to flowing through the filter pores indicates that much of the solution was
filtered out. In addition to the microscope images themselves, this is further evidence
that there were impurities in the solution, which is supported by the apparent difference
between Figure 17 (a) and (b).
The first method of mixing the QDs directly with toluene was realized to be
problematic early on in this investigation. It is believed that the presence of the ligand on
the QDs results in ligand-ligand bonding, which leads to large-scale phase segregation.
This is undesirable for several reasons, as discussed in Section 2.6. Therefore, the
alternative approach of removing the QD’s ligands was pursued.
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The binary solvent mixture of 8 vol% pyridine in chloroform was used to suspend
the ligand-free QDs for two reasons: (1) the pyridine acts to passivate the QD surface and
prevent aggregation, and (2) pyridine is miscible in chloroform, further enhancing the
solubility of the QDs (Huynh et al. 2003). Moreover, the MEH-PPV polymer is soluble
in chloroform, so chloroform is a suitable solvent for both the QD and polymer
constituents. Huynh et al. found the ideal volume fraction of pyridine in chloroform for
CdSe QDs to be around 8%, so the same concentration was used in this experiment
(Huynh 2003).
It was reported by Carter et al. that dissolving a variety of nanoparticles with
MEH-PPV in separate solutions and subsequently mixing the two solutions resulted in
better dispersion than dissolving them together in one solution. (Carter 1997) This
technique was used in this study as well. In addition, it was found by trial-and-error that
the QDs dissolve better when adding pyridine first, followed by chloroform, as opposed
to adding a premixed pyridine-chloroform mixture to the QDs. This is rationalized by
considering that the pyridine-covered QDs dissolve better in chloroform than QDs
without pyridine (Huynh 2003). Conversely, it was observed that MEH-PPV dissolves
better when first adding chloroform, then pyridine, because MEH-PPV is soluble in
chloroform, but not pyridine. Furthermore, the QD and polymer solutions were passed
through a 0.45-m PTFE syringe filter immediately prior to mixing.

For the pure

(unmixed) solutions, such as the 0 wt% and 100 wt% QD solutions, the filtration step was
still included in order to be consistent. Independent filtration of the QD and polymer
solutions prior to mixing has been reported to result in smoother films than solutions
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filtered after mixing (McDonald 2005). Once prepared, the solutions were used within
one day so as to decrease effects due to ripening. The solutions were also submersed in
an ultrasonic bath for two hours after each mixing step and for thirty minutes prior to use.
The combination of incorporating the ligand-removal steps, adding the solvents and
solutions in the orders described above, and filtration prior to mixing helped enhance the
homogeneity of the final solutions significantly. In particular, removing the ligands from
the QDs alone resulted in a fivefold decrease in surface roughness, as measured by AFM.
The TEM results also suggest that the ligand-stripped QDs do not aggregate when
mixed with MEH-PPV (Figure 19 (c-f)). Though there is not a perfectly homogeneous
distribution, the QDs appear to be somewhat randomly distributed, with several cases of
isolated QDs or ones separated by a nanometer or more. In the case of large-scale phase
segregation, one would expect minimal spacing between neighboring QDs and more of a
3-dimensional architecture, since the agglomeration would occur while the particles are
still in a solution. Since there are regions in the TEM images in which no QDs are
present, there are expected to be similar regions in the films used for nanoindentation.
These regions are more substantial in the films in the TEM sample with a lower
concentration of QDs, so if film heterogeneity leads to greater standard deviations in the
mechanical measurements, we should see more deviation in the mechanical properties for
films at lower concentrations.

The mechanical tests reveal that the deviation in

measurements are not directly related to the concentration of QDs; however, the 50 wt%
film has the greatest deviation, as evidenced in Figures 32 and 33.
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The AFM results indicate a transition from a film with small but frequent hills and
troughs to a film with relatively flatter regions and randomly-placed dimples throughout
as the QD concentration increases. During this transition, the film becomes rougher as
the QD concentration is increased, up to 75 wt% QDs, beyond which it becomes flatter,
until the concentration reaches 100%. It is difficult to ascertain whether the rough
features on the surface are caused by phase segregation or if it is caused by another
phenomenon.
The dewetting of the films as they are dried and annealed may be affected by
different evaporation rates of the two solvents. For example, pyridine, which is more
strongly-bound to the QDs, may evaporate more slowly for films with greater QD
loading; likewise, since MEH-PPV is soluble in chloroform, the chloroform may
evaporate more slowly in the presence of more MEH-PPV. However, no known studies
have been performed to support this claim. Alternatively, the mobility of the films may
affect the dewetting dynamics and consequently determine the final arrangement of the
particles near the surface.
Most likely, the films are less homogeneous for lower concentrations of QDs
(excluding 0%), which explains why the 50 and 75 wt% films are the roughest. This
supports the previous claim that was based on evidence of bare regions in the TEM
images, especially for the 50 wt% QD sample, which had both a low concentration of
QDs and (likely) a thicker film.
For the indentation test samples, the film thickness does not appear to be
correlated with the QD loading. It is not surprising that the MEH-PPV film is the
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thickest, because the polymer solution is expected to be the most viscous, which results in
a thicker film when deposited via spin-coating. Films in this study should be > 100 nm
for more reliable nanoindentation data, in order to prevent error due to the substrate
effect. Thus the film thickness measurements (Table 3) imply that indentation data from
the 50 and 90 wt% samples may be problematic. A depth of 10% of the film thickness
for these two samples corresponds to ~8.5 nm. From the indentation results, the only
indentations below this depth are the lowest load for the 50 wt% sample (i.e., peak load
of 5 N) and the lowest three loads for the 90 wt% sample (i.e., peak loads up to 14.5
N). Indentations deeper than this have a potential to be skewed by the substrate effect.
However, all indentations < 10 nm in depth have large errors due to surface roughness
and bluntness of the indenter tip. This is taken into consideration when analyzing the
data from the indentation testing.

5.2 Measurement Errors at a Loading and Unloading Rate of 1 N/s
As was shown in Section 4.4.1, there was a pronounced in between calculated E
and H for tests performed at 1 N/s, compared to those at 10 and 100 N/s. Specifically,
two related events are observed in the 1 μN/s data: (1) the hardness values are scattered
and much higher (at most depths) and (2) the apparent maximum contact depths are
significantly lower, compared with the tests performed at higher loading and unloading
rates. The word “apparent” is used because the contact depth is calculated, not measured,
based on the equation:
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,
where

is the maximum depth (measured),

geometry,

Equation 15

is a constant depending on the indenter

is the maximum load (measured), and S is the stiffness, calculated from

the unloading slope, dP/dh (Oliver 1992).

It is easy to see that an inaccurate

measurement of the stiffness from the unloading slope can lead to a somewhat arbitrary
calculation of the contact depth.
The calculated stiffness at very slow unloading rates may contain large errors
from either viscoelastic deformation or from thermal drift. The potential error due to
viscoelasticity, which was discussed in Section 2.6.3, is due to continued creep after the
onset of unloading, sometimes resulting in a nose in the unloading curve. However, in
the present study, the 30-second hold segment was more than sufficient to allow most of
the films to reach their equilibrium displacements, thus they should not have continued to
creep further during unloading. Alternatively, the slow unloading rate of only 1 μN/s
meant that the test with a maximum load of 200 μN lasted over seven minutes (for
loading + hold + unloading segments). Despite taking efforts to reduce the thermal drift,
some drift is unavoidable. Indentation tests typically last no more than around one
minute for this reason.
As mentioned above, the other effect – the over-prediction of hardness – is related
to the under-prediction of hc. Recall, hardness

, approximately, and

so a small hc results in a large H. Because of these large errors, the tests performed at 1
μN/s rates are deemed too unreliable for measurements of H and E.
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For the 10 and 100 μN/s tests, the hardness data seem to overlap, whereas the
elastic moduli are just slightly higher for the 100 uN/s tests in the case of pure MEHPPV, and overlap for the other films. The repeatability at higher loading and unloading
rates suggests that at sufficiently high rates, the calculated values of H and E do not
depend greatly on the rate of application and removal of the load.

5.3 False Trends of E and H as a Function of Contact Depth
It was mentioned in Section 4.4.1 that some clusters of data points appear to have
their own trends in some of the plots of H and E versus contact depth. There is also an
unexpected result for the 100 wt% QD film, that H continues to decrease as the depth
increases, far beyond what is typical for indentation tests. The apparent trends in the
clusters of data points are likely due to the deviations in maximum contact depth for the
same maximum loads. Recall that five indentations were performed at each of eight
maximum loads. If the maximum displacements vary in the five indentations at the same
load, it is instructive (since H = P/A) that the deepest indentation would be recorded as
that with the lowest hardness. On the other hand, the shallowest indentation performed at
the same maximum load will produce the highest value of H.
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(a)
14.4 N
21.3 N
41.2 N
69.7 N
5 N

118.1 N

200 N

8.5 N

(b)

Figure 34. False trends in indentation data. The clusters of data points appear to
discretize the results, as if there were a wavelike pattern (a). However, this is actually a
result of the variation in contact depths for the same maximum load, leading to several
packets of data points with their own trends. It is more accurate to consider of all of the
data sets as a whole to determine the trend, as in (b).
The hardness plot for the 100 wt% QD sample at 100 N/s is shown again in
Figure 34. Upon close inspection of Figure 34 (a), one can see streaks that appear as
independent sets of data. These are nothing more than sets of five indentations per
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sample with the same maximum load and varying contact depths.

The decreasing

hardness with contact depth, then, is most likely caused by deviation in the data. It is
probably more accurate to view the overall trend of the all of the data points, which is
demonstrated by the dashed lines in Figure 34 (b).

5.4 Indentation Size Effect and Substrate Effect
Considering only the 10 and 100 N/s tests, two major trends were noticed in the
plots of H and E vs. contact depth (in Figures 26-28): a rapidly increasing hardness as the
displacement nears zero and a steadily increasing elastic modulus at greater depths (e.g.,
> 40 nm).
That the hardness is seen to increase at decreasing depths in the first several tens
of nanometers of indentation indicates what is commonly known as an Indentation Size
Effect (ISE) (Nix 1998; Gerberich 2002). Although traditionally considered for single
crystal or polycrystalline materials, in which case dislocation density can play an
important role on the indentation hardness, the ISE has also been linked to the energy of
creating a new surface from the penetration of the indenter tip (Gerberich 2002). Since a
polymeric film would not contain dislocations, this latter explanation of the size effect is
much more relevant. The concept is that during an indentation, a material is not only
undergoing elastic and plastic deformation, but bonds are being broken among the
surface atoms and these atoms are rearranging themselves. This takes additional energy
and acts to inhibit displacement of the indenter tip, especially at shallow depths.
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Gerberich and colleagues established a model that accounts for ISE based on the ratio of
the contact area at the surface to the plastic zone – the volume beneath the indenter tip
accommodating for plastic deformation. This ratio is high for low indentation depths,
which explains the apparent increase in hardness in this region.
The other trend – the increasing apparent elastic modulus as the depth increases –
can be attributed to the higher modulus of the underlying substrate. The substrate effect
is observed to some degree for all the films containing MEH-PPV. However, it is not
observed in the 100 wt% QD film, even though the maximum penetration depth was
much more than 10% of the film thickness. The reasons for this are discussed in the next
section, and are related to the deformation mechanisms of the film.

5.5 Polymeric Versus Granular Behavior
It was hypothesized that there would be some critical ratio of QDs to polymer
above which the films would assume a granular rather than a polymeric character.
Although the film stiffness (modulus) was expected to increase with QD loading, a
sufficiently high loading of QDs should compromise the stiffness due to loss of polymerpolymer bonding.
Dongyun Lee and colleagues performed indentation tests on films of CdSe QDs
capped with trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP) ligands (Lee
2007). They reported polymeric behavior due to ligand-ligand bonding. However, when
performing the same tests on films whose ligands had been removed by soaking in
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acetone, the film assumed a granular character. The reported modulus and hardness of
the ligand-free QD film were ~20-25% and ~30-50% those of the original film,
respectively. Furthermore, the substrate effect, which was pronounced for the elastic
modulus measurements of the untreated (polymeric) film, was not observed at all for the
acetone-treated (granular) film. This is attributed to the compaction of loosely packed
CdSe QDs, which accommodated for much of the applied load.
In the present study, the substrate effect is seen in most of the films, indicated by
an increasing modulus as a function of contact depth, beyond a certain depth. In Figure
35, the average moduli are plotted versus contact depth for all films, with a 2nd-order
polynomial fit for each data set. There is no noticeable upward trend for the case of 100
wt% QDs, which may be evidence of granular behavior. In fact, the modulus decreases
well beyond 10% of the film thickness, even as far as 50% of its thickness. There may be
a reduced (though not absent) substrate effect for all of the composite films, as well. The
thickest film, the 0 wt% (pure MEH-PPV) film, shows an increasing E after ~ 15% of its
thickness, which is more typical for a thin film.
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Figure 35. Modulus versus contact depth for all samples. Each data point represents an
average of five. An upward trend in E is seen for most samples after a certain
displacement, which is most pronounced for the thinnest two films (i.e., the 50 and 90
wt% QD samples). However, the 100 wt% film’s modulus continues to decrease up to at
least 60 nm, implying that there is little impact on the mechanical response from the
underlying substrate.

5.6 Viscoelastic Material Behavior
In this section, the loading, unloading, and hold segments are interpreted in terms
of rate- and time-dependence. The strong dependence of the mechanical response on
loading and unloading rates confirms that the polymeric films are viscoelastic rather than
linearly elastic. A viscoelastic response can be observed by (1) the difference in loading
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and unloading slopes for different rates, and (2) by the amount of creep that takes place
during the hold segment.
As was evidenced in Figures 29 and 30, as the loading and unloading rates are
increased, the loading and unloading slopes become steeper and the amount of creep
during the hold segment increases. The sharper slope implies that the film’s response
was dampened as a result of the rapid application of force. Since there was insufficient
time during the loading segment for the material to deform to its equilibrium
displacement, it deforms more during the hold segment, when it has time to reach
equilibrium. This also explains why there is more creep in the hold segment for tests at
faster rates.
In some instances, the displacement actually decreased over time during the hold
segment, particularly toward the end of the 30-second segment. This was attributed to
thermal drift in the instrument, which can become a problem for indentations with small
displacements performed over a long period of time, even if the drift rate is low, e.g. <
0.1 nm/s.

5.7 Correcting for Creep and Thermal Drift
In order to correct for viscoelastic creep and thermal drift according to Feng and
Ngan’s method (Feng 2002), the creep rate at the end of the hold segment was
determined using MATLAB. This was done by fitting the displacement-versus-time data
during the hold segment to the following polynomial equation:
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,
where the

Equation 16

’s (i = 0-3) are constants. Equation 16 is a slight modification of the

empirical fit used by Feng and Ngan, and was found to produce a better fit to the data in
this study. To determine the slope at the end of the hold segment, its derivative,
,
was evaluated at t = 30 seconds. This is used for the value of

Equation 17
from Equation 10:

.

The corrected stiffness was then determined from
unloading rate

, the measured stiffness Su , and the

.

Figure 36 shows the displacement-time data and their respective polynomial fits
plotted together for two indentations with a 41 N maximum load: one for pure MEHPPV and one for the 90 wt% QD sample. The slope at t = 30 seconds is 0.1351 nm/s in
Figure 36 (a) for pure MEH-PPV, and -0.0116 nm/s in Figure 36 (b) for the 90 wt%
sample. The latter implies that there will be essentially no correction to the stiffness,
because the creep rate and drift rate seemingly cancel each other out, whereas the former
results in a correction of approximately 1.17% for stiffness and, in turn, a 1.15%
correction for elastic modulus.
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(a)

rate at t = 30 s:
0.0862 nm/s

(b)

rate at t = 30 s:
-0.0116 nm/s

Figure 36. Polynomial fits for viscoelastic creep versus time during the hold segment, at
a constant 41 N load. For (a) pure MEH-PPV, the material continues to creep even after
30 s, thus it is important to account this. In (b), for 90wt% QDs, the slope at 30 s is
nearly zero, and is slightly negative due to thermal drift.
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Using Equation 7, which relates E to S, the corrected elastic moduli were
determined from the corrected stiffness values for each indentation performed at 100
N/s. An example of the difference in corrected and uncorrected moduli is shown in
Figure 37 for pure MEH-PPV, the film which experienced the most creep.

Figure 37. Measured and corrected modulus versus contact depth for pure MEH-PPV
with a loading/unloading rate of 100 N/s. The correction accounts for viscoelastic creep
and thermal drift. It is relatively small, indicating that these errors were not significant.
It is interesting how little the moduli changed after applying the creep correction.
However, this is not overly surprising since the two conditions were met which minimize
the effect of creep: a long hold segment and a fast unloading rate. Despite the small
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effect of applying this correction, it is still considered more accurate and, therefore, all
moduli reported henceforth will be corrected for creep and thermal drift.
In scrutiny of using Equation 10 to correct E, there remains the question of
whether or not the assumed unloading rate of 100 N/s is accurate in the above
calculations. This rate was an input parameter for the tests and was modulated by a
feedback loop during each indentation. It is possible that the unloading rate may have
been too rapid for the feedback loop to adjust properly, especially at the onset of
unloading, which is the most (in fact, the only) important portion for correcting the
stiffness/modulus. In order to ensure that the true unloading rates were 100 N/s, the
loads were plotted against time, starting at the onset of unloading. An example is shown
for MEH-PPV (24.3 N maximum load) in Figure 38. In the figure, a line is fit to the
data and its equation is displayed. The slope, -100.03 N/s, confirms that the unloading
rate is very close to 100 N/s; more importantly, it can be seen that this is the rate at the
beginning of the unloading portion.
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beginning of
unloading portion

Figure 38. Measured load versus time in the unloading segment. The slope (rate) is
calculated to be 100.03 N/s, which corresponds well to the input of 100 N/s. It is
observed to be constant for the entire unloading segment.
5.8 Accounting for the Substrate Effect
The International Organization for Standardization (ISO) specifies that an
indentation test should be performed only up to 10% of the thickness of the film (Metallic
2002). For this experiment, however, the errors introduced at indentations under 10% of
the film heights – i.e., less than 8.5 nm to less than 20 nm, depending on the sample –
made it impractical to limit the indentation displacements to such shallow depths.
An alternative approach is to forego the 10%-thickness limitation, allowing for
deeper indentations, and then account for the effect of the substrate based on Herzian
elastic contact theory. If the substrate’s elastic properties and the film thickness are
known, the indentation data can be corrected to effectively subtract the errors induced by
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the substrate. Doerner and Nix proposed a model for this in 1986, which determines the
film’s elastic modulus, EF, from:

,

where E, S, and

Equation 18

are the elastic modulus, stiffness, and Poisson’s ratio, respectively,

with subscripts F, S, and 0 corresponding to the film, substrate, and composite (or
measured) properties, respectively (Doerner 1986, Nix 1989).  and k are constants
based on the geometry of the indenter tip ( = 1.034 and

for a Berkovich

indenter), t is the film’s thickness, hc is the contact depth, and

is an empirically-

determined constant. If

, then EF is the same as the measured modulus.

Another model developed later by Gao et al. (Gao 1992) is based on an expansion
of Sneddon’s elastic punch problem (Sneddon 1965) for multilayered films. It is known
as the moduli perturbation method and predicts the film’s elastic modulus to be:

Equation 19
where a is the contact radius and

is Poisson’s ratio for the film, which is estimated to

be 0.3 for MEH-PPV (Jeng 2007). Note that changing
value of EF.

only slightly alters the resulting

Analyzing Equation 19, the case of an infinitely-thick film leads to
, meaning the film’s modulus is the same as the measured
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modulus. Conversely, as

, the equation becomes

. It can then be assumed that

, where
, or that

. Thus

an infinitely-thin film results in measurement of the substrate’s properties only.
For both methods of accounting for the substrate effect, the film’s elastic
properties are required. Indentation tests were therefore performed to determine the
mechanical properties of the glass substrates used in this study. The glass was found to
have a modulus of 79.49 ± 0.85 GPa and a hardness of 7.25 ± 0.13 GPa. Using this
modulus and

= 0.23 for glass (Oliver 1992), the “corrected” film moduli were

determined from Equations 10 and 19. They are plotted versus contact depth for two of
the films tested at 100 N/s loading and unloading rates in Figure 39. The sample in
Figure 39 (a) is pure MEH-PPV and the one in Figure 39 (b) is pure (100 wt%) QDs.
Recall that there is no noticeable substrate effect for the latter film; therefore the models
are not necessary in this case.
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(a)

(b)

Figure 39. Application of two models to subtract the interference of the substrate from
the measured E, as a function of contact depth, for (a) pure MEH-PPV and (b) pure (100
wt%) CdSe QDs.
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Figure 39 shows that Equations 10 and 19 fail to effectively subtract the substrate
effect for the samples used in this study. The models were developed based on elastic
contact theory, which may be why they do not produce reasonable results for these
viscoelastic or granular media. This corroborates with the results of Strojney et al. who
studied viscoelastic thin films with nanoindentation, and reported that it was “impossible”
to correct for the substrate effect in some cases, sometimes leading to negative or
erroneous values of E (Strojney 1998). The conclusion here is that one must simply take
the substrate effect into consideration when interpreting these indentation data.

5.9 Concentration Dependence on Mechanical Properties
Much of this chapter up to this point has been dedicated to characterizing the
films’ physical traits and determining the roots of errors in the mechanical data. The
extent to which the errors affect the final results are partially dependent upon on how
effectively they are prevented and removed.
Errors in this experiment arise from bluntness of the indenter tip, viscoelastic
creep, thermal drift, heterogeneity, surface roughness, the Indentation Size Effect, and the
substrate effect. Errors due to tip bluntness were prevented to some extent by using a
relatively sharp tip and carefully calibrating the tip at low displacements. The creep error
was mostly prevented by using a long hold segment, and the error can be removed by
only using data from tests at performed at high loading and unloading rates. Thermal
drift was partially corrected by the nanoindenter software, and both thermal drift and
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creep were corrected later using Equation 10. Heterogeneity was prevented to some
extent by the methodology used in preparing them, and by characterizing the QD-MEHPPV solutions at various stages. However, the TEM results indicate that heterogeneity
may have been a problem for lower concentrations of QDs (e.g., 50 and 75 wt%).
Surface roughness was significant for the 50 and 75 wt% samples, which may have
caused large errors in the indentation results. The ISE was observed in all of the films,
and this can be removed by neglecting hardness data at shallow depths. The substrate
effect was also observed for most of the films, and was not effectively removed through
computation. Therefore, it must be manually removed by choosing a suitable depth
range. The thinnest films were the 50 wt% and 90 wt% samples, both under 100 nm,
which gives them the most potential error due to the substrate effect. This is observed in
Figure 35, in which the modulus of these two films increases sharply at relatively shallow
depths. This makes it difficult to determine an accurate value of E for these films.
The nanoindentation results indicate a considerable about of deviation for the 50
wt% sample. For comparison, the average, corrected modulus is plotted versus contact
depth for the pure MEH-PPV and the 50 wt% QD samples in Figure 40. The averages
and standard deviations are grouped by maximum load, with five indentations per group.
Comparing side-by-side, there is significantly more deviation for the 50 wt% sample in
both contact depth and elastic modulus, whereas for the MEH-PPV film, the standard
deviations for contact depth and modulus are, in most cases, less than 5% and 10%,
respectively. The other films also have relatively large deviations compared to the pure
MEH-PPV film, but not as much as the 50 wt% film.
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(a)

(b)

Figure 40. Comparison of standard deviations for (a) pure MEH-PPV and (b) 50 wt%
QD films.

For the average modulus determination, a range of contact depths was chosen, so
as to minimize errors due to tip bluntness (at shallow depths) and the substrate effect (at
higher depths).

Thus the following minimum and maximum range was selected: a

minimum of 10 nm contact depth and a maximum of 10% of the film thickness. One side
effect is that invoking this rule means discounting the modulus data for the 50 and 90
wt% samples, which are thinner than 10 nm. Since the substrate effect was extremely
small or nonexistent for the 95 and 100 wt% samples, a higher range (30-60 nm) was
used; this also appears to be more accurate based on their E versus hc curves, because the
measured E continued to decrease until it approached this range for both samples (see
Figure 35). For the average hardness determination, the substrate effect is of little
consequence, even at more than 50% of the film thickness. In contrast, the ISE seems to
affect the hardness measurements for all of the films up to approximately 50 nm,
regardless of QD loading. Therefore, the minimum contact depth chosen for determining
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the average hardness was 50 nm, and the maximum was set at 80 nm, for all films. The
50 and 90 wt% films are not excluded for average hardnesses.
(a)

(b)

Figure 41. Average (a) modulus and (b) hardness as a function of wt% QDs.

The average elastic modulus and hardness values are plotted versus wt% QDs in
MEH-PPV in Figure 41. Both E and H appear to increase exponentially as a function of
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QD loading (in wt%).

As mentioned previously, mechanical properties are more

meaningful when considered as a function of volume percent than weight percent, so the
same data are replotted in Figure 42 versus volume percent. Plotted in this manner, a
linear relationship exists for both E and H.
(a)

(b)

Figure 42. Average (a) modulus and (b) hardness as a function of vol% QDs.
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The averages and standard deviations for each film are also tabulated in Table 4.
There is upward of a threefold increase in modulus and a sixfold increase in hardness
from 0 wt% QDs to 100 wt% QDs.
wt %
QDs
0%
50%
75%
90%
95%
100%

Young’s
vol%
QDs Modulus (GPa)
0%
14.5 ± 0.45
15.0%
34.6%
30.4 ± 10.8
61.4%
77.0%
44.6 ± 5.9
100%
52.7 ± 4.7

Hardness
(MPa)
223 ± 16
413 ± 281
587 ± 206
858 ± 173
918 ± 194
1433 ± 254

Table 4. Modulus and Hardness of QD-MEH-PPV films for different loadings of QDs.
It is surprising that the 100 wt% QD sample was the hardest and stiffest, despite
the apparent granular behavior. However, it is unknown whether or not the ligands were
completely removed, nor whether any residual solvents remained attached to the QDs
after annealling.

A small concentration of remaining organic material may have

contributed to the higher hardness and stiffness of the QD film by preventing QDs from
flowing under pressure. However, it is also possible that annealing played a role in
increasing E and H.
Goldstein, Echer, and Alivisatos showed in 1992 that the melting point of CdS
nanocrystals is only a fraction of that for bulk CdS (Goldstein 1992).

The size

dependence was attributed to the increased surface tension for nanosized structures, as
discussed in Section 2.4. The lowest reported melting point for CdS nanocrstals was 573
K, compared to 1678 K for bulk CdS. For the material used in the present study, CdSe,
the melting point is 1512-1531 K (Adachi 2004, p. 313), slightly lower than that of bulk
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CdS. The CdSe QDs were annealed at 120 °C (393 K), so the possibility of partial
melting or phase transformation should not be ruled out entirely. If the QDs did in fact
melt to form a small-grained polycrystalline film of CdSe, it would likely lead to
extremely high measurements of E and H, possibly even surpassing the bulk values of
53.1 GPa and 900 MPa, respectively (Adachi 2004, p. 313). It is indeed interesting that
the measured mudulus (52.7 GPa) was so close to that of bulk CdSe, but that measured
hardness is much higher. The fact that both E and H are relatively high indicates either
that the film did not have a granular character (which would greatly reduce the E and H),
or that there was some combination of deformation mechanisms at work. Even if the
high temperatures caused only partial bonding between neighboring CdSe QDs, it would
still explain why the thin film did not yield as much as would be expected in a purely
granular film, which would behave more like sand under an applied load. Recall that Lee
et al. reported a decreased hardness and modulus for CdSe QDs without ligands
compared to ones with ligands (Lee 2007), even though the organic ligands are softer and
less stiff than the inorganic QD core. They did not anneal their films after removing the
ligands, however, so it is reasonable to attribute the different results in this study to the
annealing stage.

102

CHAPTER 6

6. Concluding Remarks

Nanocomposite CdSe QD-MEH-PPV polymer thin films have been characterized
via nanoindentation. A ligand-removal procedure was used prior to mixing the QDs and
polymer solutions, so as to increase the homogeneity of the solutions and resulting films.
A binary solvent mixture was used in order to increase the solubility of the nanoparticles
and to prevent aggregation. The films were spin-deposited onto cleaned, glass substrates
and subsequently annealed in order to evaporate the solvents, leaving films containing
only MEH-PPV and/or CdSe QDs. AFM roughness studies indicated that the pure MEHPPV and pure QD films were the smoothest, and that a high concentration of QDs
produced a smoother film than a low concentration of QDs. A smoother film suggests a
more homogeneous film, whereas rougher films are expected to contain agglomerates and
large-scale phase segregation. However, TEM results revealed that QDs were relatively
well-dispersed.
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Viscoelastic deformation was observed in all of the films, to some extent, but only
significantly for those containing some MEH-PPV. The amount of viscoelastic creep
increases as a function of MEH-PPV concentration. It can therefore be concluded that
added QDs to the polymer matrix reduces its viscoelasticity. There was a noticeable
substrate effect for many of the films, although it was not observed at all in the pure QD
film. This may be attributed to a granular film character, although there is insufficient
evidence to confidently make this conclusion. It was not possible to effectively remove
the substrate effect using conventional computational techniques based on elastic contact
theory, which may be related to the viscoelastic behavior of the films.
The incorporation of QDs into the polymer matrix enhanced both the elastic
modulus and hardness of the films, increasing them by a factor of ~3.5 and 6,
respectively.

There is an apparent linear relationship for both elastic modulus and

hardness as a function of volume fraction of QDs in MEH-PPV.

The mechanical

properties of MEH-PPV have not – to the author’s knowledge – been previously
measured via depth-sensing indentation testing. Its elastic modulus and hardness are
approximately 14.5 GPa and 220 MPa, respectively. The modulus and hardness of films
of CdSe QDs are 52.7 GPa and 1430 MPa, respectively.
The typical QD-polymer films of this type used for optoelectronic devices have
relatively high concentrations of QDs, e.g., around 90 wt%, due to an increased
conductivity with QD loading. The fact that the films become both harder and stiffer
with increased QD loading, even at and above 90 wt%, is a positive result for device
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applications, implying better damage resistance and potentially increased device
lifetimes.
Some questions remain to be answered, such as whether or not the QDs undergo
some type of phase transformation or melting during the annealing stage and how the
QDs enhance their mechanical properties. In addition, the deformation mechanisms
involved here are not currently well-understood, and the literature provides little
assistance in predicting the mechanical response of viscoelastic nanocomposite organicinorganic films. However, as these types of films continue to transition from being
researched in a laboratory environment to being used commercially in displays,
photovoltaics, flexible electronics, and as components in microelectronic circuits,
knowledge of their mechanical properties will become increasingly more relevant.
Particularly important is to develop an understanding of what mechanisms lead to failure
in nanocomposite materials that would ultimately lead to device failure. I hope to
address this in future work by using simulations to model the deformation of such
materials and perhaps finding a way to study their morphologies before and after
deforming them, in order to further elucidate what is occurring on the microscopic or
nanoscopic level.
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